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GRANITIZATION IN THE SWAUK ARKOSE 
NEAR WENATCHEE, WASHINGTON 
HOWARD A. COOMBS 


ABSTRACT. In the geographical center of the State of Washington, the 
Swauk formation is a large lithologic unit in the eastern portion of the 
Cascade Range. This formation is composed essentially of arkoses and sand- 
stones with lesser quantities of clays, shales, and conglomerates, all of 
Eocene age. 

Along the axis of an anticline two miles south of the city of Wenatchee, 
the arkoses have been transformed locally into a rock having the com- 
position and texture of many granodiorites. The various steps in the 
granitization process can be traced from the initial stages wherein the 
quartz is enlarged by secondary growths and the plagioclase is rimmed 
with clear albite, to the final stage resulting in a coarse-grained rock of 
interlocking crystals devoid of interstitial matter. 

In the intermediate stages, the clastic grains still reveal their original 
shapes although they have incorporated or rejected much of the inter- 
stitial matter, which is now in the form of a granular matrix. The resulting 


textures show crenulated crystal boundaries with numerous inclusions or 
intergrowths, or both. 


This locality is thought to be noteworthy because the successive steps 
in the granitization process are preserved in the fextures of the rocks, and 


because the process was carried on at low temperatures with an extremely 
small amount of solutions needed. 


INTRODUCTION 


HE subject of granitization has received ever-increasing 

attention during the last few years and from many diver- 
gent points of view. The purpose of this paper is to describe 
a locality where feldspathic sandstones and arkoses have been 
transformed into rocks having the texture and composition of 
many granodiorites. The writer follows the definition for 
granitization given by Read (1948): “The process by which 
solid rocks are converted to rocks of granitic character with- 
out passing through a magmatic stage.” It is realized that 
this is a more limiting definition than those proposed by many 
others, but it defines precisely the process of granitization in 
the arkoses near Wenatchee. 
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Fortunately, in the rocks here described, the various steps 
in the granitization process are preserved in the textures and 
minerals of the rocks, and it is only in the most advanced 
stages that the original clastic fragments lose their identity 
in an allotriomorphie to hypidiomorphic granular rock. 

The composition of the original arkose is strikingly similar 
to that of the granitized product. Thus little transfer of 
material was required. At best, the metasomatic addition of a 
small quantity of soda (perhaps in the magnitude of one or 
two per cent) was all that was necessary to bring about the 
complete transformation. 

Perhaps the most remarkable feature in the granitized rocks 
of Wenatchee is the low temperature involved. As granitization 
is a metamorphic process, the environmental conditions under 
which these rocks were transformed could be described as cor 
responding to Grubenmann’s epizone or “upper” mesozone of 
regional metamorphism. The evidence for the temperature of 
transformation is the mineral association, which changed but 
little from start to finish. The proof of the transformation 
from a clastic to a granular rock of interlocking crystals 
consists of the textures and their changes from one stage to 
the other. For this reason the textures are emphasized in 
this paper. 


THE SWAUK FORMATION 


Areally, the Swauk formation forms a large and well-defined 
lithologic unit in the vicinity of Wenatchee. The rocks, 
although varying considerably it grade size, nevertheless have 
a rather uniform mineralogical composition. Quantitatively 
the most abundant types are white to buff-colored arkoses and 


feldspathic sandstones. Shales and clays are of lesser import- 


ance and the least abundant beds are coarse conglomerates. 
Except for local zones of granitization, silicification, or beds 
containing a caleareous cement, the rocks are rather loose 
and friable 

Estimates of thickness (Smith, 1903; Chappell, 1936) range 
from 3.500 feet to over 9,000 feet, depending on the locality 
where the sections were measured. The true thickness is most 
difficult to determine because of the lenticular character of the 
beds, the lack of well-defined markers, and the locally occur- 
ring isoclinal folding. 
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In the area of granitization, it may be assumed that the 
thickness is several thousand feet, for an oil well one mile to 
the south along the anticlinal axis indicated on the sketch map 
has penetrated over 4,000 feet of Swauk sediments. 

On the basis of paleobotanical evidence, the Swauk forma- 
tion has been placed tentatively in the early Eocene. 

Structurally, the Swauk rests unconformably on the 
Swakane gneiss, which has been considered as pre-Ordovician 
in age (Smith, 1916, and Waters, 1932). Shortly after their 
deposition and presumably in later Eocene time, the Swauk 
beds were folded into a series of anticlines and synclines whose 
axes trend generally in a northwest-southeast direction, which 
is common to the major structural trend of all western 
Washington. 

It is thought that the most pronounced folding in these 
sediments took place immediately after their deposition, per- 
haps as early as in mid-Eocene time. In the Mt. Stuart region 
to the west, the folded and partially eroded surface of Swauk 
sediments is covered by an Eocene basalt flow known as the 
Teanaway basalt. In the Wenatchee area, the folded and 
eroded Swauk surface is covered, in part, by the Yakima 
(Columbia Plateau) basalts of mid-Miocene age. The basalts 
together with the underlying sediments were folded into broad 
arches in post-Miocene time. 

In the immediate vicinity of the granitized zone, the Swauk 
sediments are folded into an anticline with dips along the flanks 
varying from 35 to 65 degrees. The rising solutions were 
undoubtedly controlled by the anticlinal structure, and now 
the long dimension of the granitized zone coincides rather 
closely with the anticlinal axis. 


INTRUSIVES 


To quote Chappell (1936), “the complex assemblage of 
igneous rock bodies intrusive into the Swauk formation is 
regarded by the writer as the most extraordinary of all the 
geologic features in the map area.” In many places, the intru- 
sive bodies are too numerous to be mapped separately. They 
vary from dikes a few feet in width to laccoliths over 400 feet 


thick. The intrusive recks are usually andesite porphyries and 
basalts. However, all varieties exist from the more basic to 


the more acidic types, including masses of perlite and necks 
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of porphyritic rhyolite and dacite. In addition, many zones 
of strong hydrothermal alteration and intense silicification 
exist within the area. The small intrusive bodies near the 
granitized zone are indicated on the geologic sketch map 
(modified after Chappell). 

While the writer was in the field with Chappell approxi- 
mately 15 years ago, an interest was kindled in some of the 
unusual features of these “intrusives.” Recent field work and 
petrographic studies together with many chemical analyses of 
nearby rocks, now reveal the true nature of many of these 
masses. This paper represents the first in a series describ 


ing the petrography of this interesting area. Later papers 


will deal with the petrography and petrology of nearby 
“intrusives.”” 

From structural evidence, it is thought that most of the 
intrusives were more or less contemporaneous and were per- 
haps all emplaced in mid-Eocene time. The granitization prob 
ably occurred simultaneously with the emplacement of adja- 
cent related masses. It is well known (Turner, 1948) that 
andesite porphyries or even basalts could provide the small 
amount of soda necessary for the granitization process. How- 
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ever, even closer to the granitized zone are felsite porphyries 
and perlites. 


PFE TROGRAPHY 
Swauk Arkose 


The Swauk arkoses and arkosic sandstones are composed 
of angular to subangular grains of quartz and plagioclase with 
some microperthite and orthoclase, usually varying from 1 to 
2 mm. in diameter. The cement is silty material composed of 
grains of quartz, biotite, and muscovite, and argillaceous 
material with an iron oxide stain. 

The amount of quartz varies considerably. Locally, almost 
pure white sandstones with a siliceous cement occur. In the 
arkoses, quartz may make up as little as 15 per cent of the 
rock. All gradations in quartz content exist between these 
two extremes. In the area south of Wenatchee, the quartz 
shows wavy extinction and is water-clear. 

The feldspars, in contrast to the quartz, exhibit varying 
degrees of turbidity caused by the abundance of minute seri- 
cite shreds, a little kaolinitic material, and some iron oxides. 
The turbidity is not so great, however, as to obscure albite 
twinning or zoning, for either or both may be seen in most of 
the clastic grains. Most of the plagioclase grains contain about 
75 per cent Ab, but the composition varies considerably in the 
zoned varieties. 

Orthoclase and microperthite also occur as detrital grains, 
but are not common. 

The cement between the grains is composed mainly of clear, 
angular pieces of quartz ranging in size from dust to fine sand; 
plagioclase; and flakes of brown biotite and clear muscovite, 
all of which are scattered in a turbid kaolinitic material. 

The microscope also reveals a slight degree of cataclasis. 


Biotite and muscovite may be wrapped partially around quartz 
and feldspar grains. It is thought that the shearing was con- 
temporaneous with the folding of the Swauk sediments. 


The Granitized Zone 


Approximately two miles south of the city of Wenatchee is 
an area of prominent spires extending from the bottom of 
the valley at 1,250 feet to the top of the ridge over 2,000 feet 
high. The spires rise as isolated jagged points over 50 feet 
above their immediate surroundings in a linear pattern near 
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the top of the divide. Near the bottom of the valley, the eastern 
edge of the granitized zone is marked by a wall over 100 feet 
high and 300 feet thick and containing numerous quartz veins. 

The contacts between the granitized zone and the relatively 
unmetamorphosed Swauk arkose are surprisingly sharp lat 
erally. The bedding closely parallels the contact and shale 
members usually mark the boundary of the granitized zone. 
Vertically, little change in the degree of metamorphism is 
evident within as much as 500 feet. 


First Stage in Granitization._-The sediments described above 
have been subjected to metamorphism and as a result exhibit 
characteristic changes in texture which represent several 
stages of transformation. The most obvious change is for the 
rock to become lighter in color. The cement between the grains 
has been affected most in this bleaching process. The iron 
oxides were either concentrated into small clusters or streaks 
or converted into small granules of epidote. Silica was present 
in excess during this conversion and both quartz and epidote 
eccur together as smal! veinlets in many of the whitened rocks. 

As the iron oxides are removed from the cement between the 
sund grains, the mass is now seen to be composed of clear 
quartz, turbid feldspar, partially leached biotite shreds, and 
clear muscovite. (Some sericite now appears in the cement and 
in some of the feldspar grains. ) 

Most striking is the enlargement of the clastic oligoclase 
grains through the growth of clear albite rims. The rims sur- 
round small and large grains alike and have formed sharp 
projections wherever possible. The delicate projections indi 
cate bevond doubt the authigenic nature of the albite rims 
The original shape of the clastic grains of turbid oligoclase 
is now very conspicuous in contrast to the water-clear albite 
rims. 

Like the plagioclase, the quartz grains began to grow, but 
they started by adding small radial projections which grew 
out from the surface of each clastic grain. This structure is 


very pronounced in those sandstones that have an extremely 


high original quartz content. In the more progressive phases 


of the first stage, the silica solutions encroached upon and 
engulfed neighboring grains of quartz. These growth borders 


are reminiscent of those described by Goodspeed (1937a) and 
Misch (1949) 
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The Second Stage.—Perhaps the most striking feature of the 
second stage is the enlargement of both plagioclase and quartz 
grains at the expense of the particles in the cement. Plagio- 
clase commonly has a very large outgrowth of albite on one 
or more sides of the original fragment. Locally, the added por- 
tion is larger than the original grain and may completely 
enclose the original kernel in an eccentric fashion. The room 
for the more sodic additions may be found in the space formerly 
occupied by the cement, and perhaps by the partial solution 
of the kernel. Neighboring crystals of plagioclase and quartz 
competed for this additional space for their enlargement. 

The resulting texture is unusual in that many of the former 
interstices are now occupied by clear albite with a tendency 
toward idiomorphism against clear quartz. The remaining 
granules caught between the growing crystals are trapped in 
places, and as a result the larger porphyroblasts have very 
crenulated boundaries with numerous microgranular inter- 
growths and inclusions. At this stage, the former boundaries 
of the clastic grains are still distinctly visible. In plagioclase, 
the original core is turbid. In quartz, an extremely thin layer 
of limonitic dust marks the surface of the original clastic grain. 
The quartz is distinctive in its new outline because of long 
tongues of new quartz that were added as the growing crystal 
engulfed quartz particles formerly belonging to the cement. 
An amoeboid shape of the quartz with long and delicate pro- 
jections is now typical. 


The Third Stage.—This stage is characterized by the com- 
plete, or almost complete elimination of the former cement. The 
larger porphyroblasts of plagioclase, microperthite, and 
quartz have become enlarged until their edges meet in common 
boundaries or with a minimum of intergranular material pre- 
served. The intergranular material is now mainly in the form 
of albite wedges or quartz blebs of indefinite shape. 

Simultaneously with the outgrowth of the feldspars, the 
interior or original kernels have been at least in part attacked 
by albite solutions. The net result is a rather “moth-eaten” 
appearance with patches of albite scattered irregularly 
through the older kernels of plagioclase. The margins of these 
older kernels are usually embayed and rimmed with new albite, 
a process begun during the second stage but continuing during 
the later, or higher, stage. 
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The net result is that plagioclase crystals present a new 
granoblastic shape in harmony with the new environmental 
conditions. The quartz is xenoblastic and characteristically 
fills the interstices between the feldspars or is intergrown, in 
part, with the feldspars. 

The former cement is now at a minimum, although in all 
sections examined some is present. The small particles, relicts 
of the former cement, are present as flakes of muscovite, biotite, 
or pieces of quartz. hese particles are in lines representing 
their former position around clastic grains and many give an 


excellent clue as to the former boundaries of the larger clastic 
pieces. 


The shape of many original clastic grains of quartz is 
marked, even in this third stage, by lines of dust particles. 
Quartz may be intergrown with the feldspars and form grano- 
phyric blebs or the more elongate shapes typical of myrmekites. 
However, these are not intergrowths in the usual magmatic 
sense, since this rock never reached a magmatic stage. Rather, 
they are relict inclusions caught in growing porphyroblasts. 


Summary of Textural Changes._-Throughout all three stages, 
the granitized arkoses have retained traces of their former 
nature. It is only in the third stage that difficulty might be 
encountered in distinguishing, texturally, this rock from a 
so-called “normal” granite. 

Perhaps the most significant difference between the grani- 
tized rocks described and igneous granites is to be found in 
the nature of the interstitial matter between the larger crystals. 
In the cooling of a granitic, liquid silicate melt, quartz 1s 
usually the last mineral to finish crystallizing, and it fills 
whatever space is available. In the granitized arkose, the 
interstitial matter does not consist of clear wedges of quartz 
but of seriate particles of quartz, feldspar, and even leached 
flakes of biotite. These are not the last minerals to crystallize 
out of a melt but are the last survivors of an originally clastic 
cement between larger grains. 

The second point of difference is in the character of the 
quartz grains. Originally rounded outlines are often preserved 
in dust-marked patterns with obvious secondary enlargements. 

The plagioclase and microperthite, though frequently clear 
and presenting idioblastic terminations, which may be mis 
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taken for an hypidiomorphic granular texture of an ortho- 
magmatic rock, nevertheless show many aberrant features. 
Portions of the larger plagioclase crystals are out of adjust- 
ment when seen under crossed nicols. They tend to have optical 
continuity (as evidenced by alignment of albite twinning 
lamellae) but the alignment is not perfect, and some portions 
of the crystals are rotated with reference to other portions. 
Further examination shows that these portions may be sepa- 
rated from each other by clear albite or by thin layers of 
albite, quartz, and mica granules. 

Quartz occurs in the feldspars as blebs or myrmekitic 
patches. Both are the result of inclusion within the growing 
feldspar porphyroblasts. Conversely, small feldspars are 
wholly or partially enclosed within the quartz. Again this is 
the result of porphyroblastic growth, but in this case of the 
quartz. 

Distinctive as these features may seem, they do not differ 
markedly from many textures occurring in rocks in standard 
collections and labeled “granites,” with the implication that 
they crystallized from liquid silicate melts. Seriate fabrics, 


myrmekitic and granophyric intergrowths, poikilitic and hypi- 
diomorphic granular textures are all terms that have been 
applied to similar rocks. 
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COMPOSITION OF THE GRANITES OF 
WESTERLY AND BRADFORD, 
RHODE ISLAND 
F. CHAYES 
. there is no necessary connection between the size of an object and 


the value of a fact, and though the objects I have described are minute 
the conclusions to be drawn from the facts are great.” 


H. C. Sorsy 


ABSTRACT. Point-counter analyses of three thin sections cut from each 
of several specimens of the Bradford and Westerly granites are recorded 
and a variance analysis of the results indicates that significant differences 
in composition within hand specimens cannot be detected while differences 
between hand specimens must be very small 


Quartz values from a much larger collection including small samples of 
most of the quantitatively important finer-grained calc-alkaline granites 


of New England suggest that the results for Westerly and Bradford are 
quite typical 


Theoretical implications of the results are discussed briefly 


A. SOME NOTES ON PETROGRAPHIC HOMOGENEITY 


W FE. often read of uniform or homogeneous rocks, and 


sometimes of rocks which are fairly uniform or remark 
ably homogeneous. Yet, if we were called upon to define pet 
rographic homogeneity, nearly all of us would be obliged either 
to assert that this was common knowledge or to describe the 
commoner manifestations of inhomogeneity and to specify 
homogeneity as whatever was left when these were lacking. 
There is something to be said for this procedure since by it 
we manage to exclude from the class of homogeneous rocks 
those which are known to be not homogeneous; but there is 
after all some difference between classification and description. 
\mong other things, for instance, a man is surely a not-horse, 
though we still know very little about the class of things which 
ire men when we have excluded from it the things which are 
horses. 

Homogeneity is today a matter of considerable importance 
to petrology, for the credibility of many current hypotheses 
hinges on their ability to account for the presence or ration 
alize the absence of what would be regarded intuitively as 


inhomogeneities in composition or fabric. This note deals only 


with the question of homogeneity of composition in its simplest 


form: it describes the amount and variation in amount of 
each of the major minerals in two well-known granites. I might 


as well confess at the outset that no elegant definition of 
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homogeneity is reached and that what results are obtained must 
be regarded as applying strictly only to these two granites; 
but evidence is offered suggesting that similar results may be 
expected for most of the finer-grained granites of New England. 

Studies of variation in composition are usually based on 
chemical analyses, for so far few petrographers have placed 
much weight on micrometric results. The petrologist’s curious 
disregard for his own handiwork together with his inveterate 
and sometimes justifiable respect for the precision of chemical 
analysis suggest that a study based entirely on microscopic 
analysis will be welcomed with something less than warmth. 
Setting aside questions of the precision of the microscopic pro- 
cedure, which have been discussed elsewhere (Chayes, 1949a), 
there are a number of advantages of microscopic as opposed 
to chemical analysis. 

The economy of microscopic analysis in time and money is 
too obvious to require discussion. At present only the spectro- 
graph can compete with it, and the use of the spectrograph 
for quantitative analysis of the major constituents of rocks is 
still in its infancy. The cost of chemical analyses tends to 
favor the use of composite samples, and though this practice 
may be justifiable in some cases, it sacrifices information about 
variations in the material from which the composite was drawn. 

The microscopic analysis estimates directly the amounts 
of minerals actually present, and in many cases this too is a 
very real advantage. Petrographers customarily think of a 
rock as an aggregate of minerals, as is evidenced by the use 
of theoretical mineral-like parameters in each of the major 
chemieal-petrographic systems. The first thing a petrographer 
does with a chemical analysis is recalculate it into something 
else. It is not always entirely clear just what this something 
else is or whether it is worth having; but certainly it is not a 
chemical analysis and, except in the special case of the CIPW 
norm, the relation between original analyses and recalculated 


statements is neither simple nor readily predictable (Chayes, 
1949b). 


The principal advantage of the microscopic technique, how- 
ever, is that it forces to the surface questions of sampling pro- 
cedure which do not arise or are left implicit when chemical 
analyses are used. The remainder of this section is a discussion 
of these questions. 
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We never analyze more than a very small part of a rock, 
and we rarely hesitate to combine as many analyses as we can 
get into an average value—as we say—-for the rock. In what 
sense may we suppose that the material used in a single analysis 
represents the rock, or that the average cast up from several 
such analyses improves the estimate? In the first place, barring 
gross errors of identification, the material analyzed is part of 
the rock and to this extent represents it. In the second place, 
the amount of any given rock is finite so that the whole rock 
has some fixed composition and the average of any two deter 
minations will generally be a better estimate of this composition 
than either (but not necessarily both) of the individual 
analyses. Now although the average of analyses of many 
samples drawn from it will probably be a better estimate of 


the true value than any one analysis, it may have none of 


the other, and more useful, properties generally associated 
with means. The estimated composition of the lithosphere is 
an excellent example; anyone using this estimate and an asso 
ciated measure of its variability as a basis for inferences about 
relative frequencies of rocks of different composition would be 
in for a rude shock. Yet there can be no doubt that at any 


particular time the lithosphere has a perfectly definite com 
position and there can be very little doubt that the best way 
to estimate this composition is to average, in one way or other, 
as many good analyses as are available. 

Except for the object—-rather unusual in petrography 
of estimating a supposedly constant composition, this type of 
reasoning vields results which are either trivial or misleading. 
Clearly our proclivities for sampling and averaging require a 
firmer foundation, one in which the claim that a sample repre 
sents the parent is based on something more than the fact that 
it is part of its parent and in which an average may be regarded 
is something more than an attempt to approximate a fixed 
bulk composition of very little interest to petrography. 

Hlowever much we sit back and think about it we cannot 
reach a very clear idea of the rock which is to form the parent 
universe. In general, about all we know is that specimens from 
widely distant points in what is thought to be the same mass 
look much alike. We suspect that they must be rather similar 
in composition and we wish a measure of this similarity which 
will permit comparisons with other rocks. It is quite pointless 
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to try to throw a symmetrical sampling grid over a largely 
unexposed mass of unknown dimensions, and in this situation 
it is reasonable to suggest that we will do best to take from 
widely separated sites as many hand specimens as we can afford 
and begin our thinking where we begin our quantitative work- 
at the other end of the line. 

Now a single thin section, like a hillside or the lithosphere, 
has a definite composition, but there will no doubt be errors in 
any estimate of it. A knowledge of this analytical error is 
fundamental to all further work and forms the subject of an 
earlier paper (Chayes, 1949a). The procedure used here is 
exactly that previously described. The analytical error is 
satisfactorily approximated by the appropriate binomial. 

The samples are collected as hand specimens and it is evident 
that many thin sections might be cut from the same specimen. 
The next source of variation to be considered is that between 
thin sections cut from the same hand specimen. Here the possi- 
bilities are almost too numerous to describe and I believe the 
present inadequacy of modal data is largely attributable to 
the real or imagined difficulties of evaluating them. Grain size 
and orientation are probably the chief culprits, but even in 
hand specimens of fine-grained rocks devoid of visible orienta- 
tion there might be greater differences between sections cut at 
considerable distance from each other than between sections 
taken very close together. These differences might reflect com- 
position gradients in the hand specimen, or they might be due 
to random variations. Obviously it would take much time to 


evaluate each of these sources of variation in a single hand 
specimen, and when a fairly complete study had been made of 


such a specimen there would still be no assurance that other 
hand specimens were similar. 


For a pilot study of this sort it seemed wiser to obtain a 
little information from each hand specimen rather than con- 
centrate all the information about intra-hand specimen vari- 
ation in one or two items of the sample. I therefore had three 
thin sections cut from each hand specimen: two parallel and 
as close as possible to each other, the third as distant as pos- 
sible from and not parallel to the first pair. The closely spaced 
pair test the kind of agreement which might be expected if an 
attempt were made to “duplicate” a thin section, while the 
difference between the closely spaced pair and the distant non- 
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parallel section provide some index of the range of composition 
in the hand specimen. It happens that little variation is intro- 
duced by the location or orientation of the thin section in the 
hand specimen, and in subsequent calculations the thin sections 
from a single hand specimen are given equal weight. 

This brings us to the final and what I had suspected would 
be the largest source of variation, e.g., differences between hand 
specimens. The argument on this score is purely intuitive and 
holds only if, as in this case, the rock is sufficiently fine grained 
that a single thin section provides a pretty fair sample of a 
hand specimen. If this be allowed, it is reasonable to suppose 
that whether the composition of the rock varies randomly or 
according to some geometrical pattern specimens separated 
from each other by distances of the order of miles or tens of 
yards will in general differ more than sections cut from the 
same hand specimen. It turns out that even in these granites, 
where the intra-hand specimen standard deviation is never as 
much as two per cent for any constituent, the variation 
between hand specimens is still very small. 

As the samples, though admittedly small in an absolute 
sense, are nevertheless larger and better distributed than those 
used in previous work of this type, it seems to me that this 


result throws a new light on much petrographic controversy. 
Not only does it open up the prospect of obtaining usable 
results with what is on the whole remarkably little work, it 
suggests also that hypotheses requiring extreme variations in 
the composition of granite in the zone of observation are ipso 
facto suspect. This matter is discussed in greater detail in a 


later section and is mentioned here only to persuade the reader 
that the rather unexciting material which follows is worth 
examining. 

Reviewing the discussion from the top down, any descrip 
tion of variation in composition involves at least a threefold 
stratification of sampling: (1) differences between items from 
distantly spaced sites, (2) differences between items from 
closely spaced sites,’ and (3) differences between estimates of 
the composition of the same item. The first of these is here 
taken as the differences between hand specimens; the second 
as the differences within hand specimens; and the third is the 


Further subdivision within step (2) is always 


possible and often 
desirable 
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analytical error, or precision of a single thin-section analysis. 
This order of summary makes it convenient to close by dis- 
cussing a matter quite obvious on intuitive grounds, easy to 
handle in microscopic work, but rather elusive if chemical or 
spectrographic procedures are used. 

Where all that is required is a mean value, any specimen at 
all is better than none. If information about variability is 
desired, however, it is essential not only that the sampling and 
analytical procedures be comparable but also that items in the 
sample be comparable. (This is true, incidentally, even if the 
information about variability is to be used only as an indica- 
tion of error in the mean.) In work with thin sections an 
average based on, say, eight thin sections of varying size is 
preferable to any single result and probably preferable to the 
mean of three or four of the sections which happen to be large ; 
but a standard deviation calculated from these results is prac- 
tically uninterpretable. If, on the other hand, an area of the 
same size has been measured on each thin section the sample 
standard deviation is readily interpreted as an estimate of 
the variability of areas of this size drawn from or existing in 
this particular rock. 

An experimental study of the relation between grain size, 
area measured, and sample variability would be difficult but 
very useful, for it is clear that with a fixed area of measure- 


ment the range of results will necessarily increase with grain 
size. I hope to discuss this matter in a later report. There is, 
however, a painfully obvious practical solution: we want as 
large an area as possible and with standard thin sections we 
cannot get a very large one. Each of the measurements 
described below was made on an area of 34 square inch; in most 
cases this area was in the form of a rectangle 1” by 34”. 


Here, too, the microscope immediately focusses attention 
on a problem common to all methods. In general, statements 
of the type, “the quartz content of granite A varies from 
x to y,” are quite meaningless, whether z and y refer to per- 
centages or localities. The granite as a whole contains some 
definite amount of quartz, and the variability of quartz content 
found in samples of it will depend on the size (weight, area, 
volume) of the samples. In this paper all estimates of vari 
ability refer to the composition of arcas of 84 square inch, or 
to averages of such compositions. Some similar specification 
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of the sampling unit would seem to be necessary where estimates 
of composition differences are based on chemical or spec- 
trographie procedures, for if we are to study variability intel- 
ligently we must have a pretty clear notion of what is varying. 


B. THE GRANITES OF WESTERLY AND BRADFORD 


The quarries of Westerly and Bradford (formerly Niantic), 
Rhode Island, were wel] described by Dale (1908). Though most 
of them have long been abandoned they can be located without 
difficulty from his map (1908, fig. 24), and many of them are 
shown on the remarkably detailed Carolina and Ashaway 
topographic sheets published by the U.S. Geological Survey in 
1943. The Westerly quarries lie in the eastern outskirts of 
the town. The Bradford quarries are a little over a mile south- 
east of Bradford and nearly five miles due east of the center of 
Westerly. Although the ridge in which the northern Westerly 
quarries lic extends some two miles east of the center of town, 
the country between the two quarry areas is mostly under 
heavy cover. 

The Bradford granite contains a little more biotite than 
most of the Westerly material and is always gray or white 
whereas Westerly is frequently pink. Except for this the gran 
ites are indistinguishable to the eve and although biotite-poor 
material of Westerly type does not seem to occur at Bradford, 
gray rock with prominent speckling of biotite may be found 
easily on the grout piles of the quarries in the southern part 
of Westerly. Although subsurface continuity of these granites 
cannot be demonstrated, their close proximity, similar appear 


ance, and identical relation to the country rock (both cutting 


and ¢ nelosing a coarse biotite-rich plagioclase gneiss ) certainly 


suggest a close relation. It is all the more surprising then to 
discover that they are quite different in composition. Mean 


compositions, drawn from table 1, are as follows: 


Minera W este rly Bradford 
Quartz ; , 27.8 23.1 
Potash Feldspar 32.6 27.1 
Flagioclase 32.8 40.8 
Biotite 35 63 
Muscovite 1.9 14 
Opaque Access 0.7 0.7 
Transparent Access 03 0.6 

Color Index 64 9.0 
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We have to distinguish here between statistical and pet- 
rographic significance. These differences in quartz, orthoclase, 
plagioclase, and biotite are all comfortably significant by 
statistical standards, but for this purpose it would not matter 
whether the comparison were of two granites or of a granite 
with a granodiorite. 

(Incidentally, in a collection which now includes specimens 
from well over 175 quarries scattered through all the major 
granite districts of New England, of the quantitatively impor- 
tant rocks only Bradford is at the same time low in quartz, of 
comparatively high color index, and much richer in plagioclase 
than in potash feldspar. Even here, however, the color index is 
not very high and, as is generally true in New England granites, 
plagioclase is only rarely more calcic than intermediate 
oligoclase. ) 

Both Westerly and Bradford are fine-grained granites. 
Feldspar and quartz grain diameters are mostly less than 
2.5 mm. Biotite flakes are usually several tenths of a millimeter 
broad in Bradford but much less in Westerly. Muscovite occurs 
as separate small flakes in both rocks but in Westerly it more 
commonly replaces plagioclase. Neither rock contains an appre- 
ciable amount of sulfides. Transparent accessories include car- 
bonate, apatite, sphene, tourmaline, and deep lavender fluorite. 
Every thin section contains fluorite and in some, because of its 
deep color, it is quite prominent; yet of the more than 65,000 
points identified in the 48 thin sections used for this study, only 
two were fluorite. Of the transparent accessories, apatite and 
carbonate are the most abundant. The latter usually replaces 
plagioclase. 

Plagioclase is seldom free of sericite but the replacement is 
never extensive. Kaolin is common in plagioclase, and in a few 
thin sections plagioclase is heavily altered to a complex of 
kaolin, carbonate, and sericite. This aggregate is extremely 
fine grained but the bulk of it seems to be kaolin. I believe the 
kaolinization of plagioclase is chiefly responsible for the pink 
and flesh tints of much of the Westerly granite, for the altera- 
tion is much commoner in sections cut from pink hand specimens 
than in those from gray or blue ones. So far as I know the 
Bradford stone is never pink, and kaolinization of plagioclase 
in it is trifling. In both Westerly and Bradford biotite is not 
infrequently transformed to green chlorite; a little of the 
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chlorite may be primary, but for the most part its origin by 
replacement of biotite is obvious. Chlorite is on the whole a 
very minor constituent and even in those slides in which it is 
most abundant the bulk of the biotite is unaffected; it has been 
recorded with biotite in the analyses. 

As in most of the finer-grained granites of New England, 
plagioclase tends to be euhedral or at least subhedral, while 
potash feldspar characteristically forms incomplete coatings 
about it, is mostly quite anhedral, and sometimes poikilitically 
encloses not only plagioclase but quartz and biotite as well. This 
relation between the feldspars is brought out sharply by the 
sodium-cobalti-nitrite stain to which all of the slides were sub- 
jected before analysis. The potash feldspar of both Westerly 
and Bradford is usually microcline but twinning is rarely sharp 
and in some grains is not found at all. 

A hand specimen was taken from each of the larger quarries 
at Westerly and Bradford. In a few cases two or more specimens 
were taken at widely distant points in the same working; from 
some of the smaller quarries no collection was made. From each 
hand specimen, as has already been explained, three thin sec- 
tions were cut: two of these being parallel and as close together 
as possible, the third inclined and as far as possible from the 
first pair. Analytical results are shown in table 1; a and b 
are the closely spaced pair. The a series was cut and analyzed 
nearly a year before the other two; the b and c series were 
all run within a week of each other. Thus a comparison of 
a and b with ¢ is some measure of differences within hand speci- 
mens, While loss of control in the analytical procedure may be 
detected by comparing b with a. It turns out in fact that neither 
effect is large enough to cause concern, so that the three sec- 


tions may be regarded as random samples for all the major 
constituents, 


EXAMINATION OF ANALYTICAL RESULTS: 
VARIANCE ANALYSIS OF WESTERLY BIOTITE VALUES 


At this point it is necessary to introduce a method and 
approach still novel in petrology though widely used in agri- 
cultural sciences. The method is the analysis of variance, and 
the interested reader will find an excellent non-mathematical 
treatment of the procedures used here in chapters 10 and 
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15 of Snedecor (1946). A paper on descriptive petrog- 
raphy suffers quite as much from the insertion of expositions 
of statistics as it does from an excess of thermodynamic specu- 
lation. Still, the application of variance analysis to the data 
of table 1 is easily the most important part of this paper. 
Rather than present the reader with a number of arbitrary 
conclusions based on a series of incomprehensible tables I 
shall first describe briefly the objectives of the procedure and 
then go through it step by step with the Westerly biotite values 
shown in the table. I hope this will make the results more 
meaningful to the general reader but strongly urge that the 
petrographer interested in applying the method to his own 
data consult a primary reference before doing so, and prefer- 
ably before taking his sample. 

The use of the standard deviation as an index of dispersion of 
measurements about their mean is familiar to everyone. The 
standard deviation is defined as 


where x is the mean of X,, X,, ---X,---X, measurements. 
Now a single standard deviation may be and usually is the 
resultant of many sources of variations in the data; and, 
although it is a satisfactory measure of total dispersion, it 
does not permit ready isolation of contributions to this vari- 
ability arising from separate sources. In variance analysis 
basic computations are made not with the standard deviation, 


s, but with the quantity (n — 1)s?, or S(X,— x)’, the sum of 
i=1 


squares of deviations of measurements about their mean, 
for it may be shown that the separate sources of variability 
in any set of data contribute additively to this “sum of 
squares.” From the total sum of squares for the entire group 
of measurements the amount contributed by each known source, 
computed in similar fashion, is subtracted off. Just as the 
divisor (n-1) reduces the total sum of squares to a mean 
square, or variance, for the entire batch of data, suitable 
divisors, obtained in comparable fashion, reduce each partial 
sum of squares to a mean square or variance arising from each 


n 
H 
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source of variation. The divisor is in each case the degrees 
of freedom allotted to the source in question, a degree of free- 
dom being the number of items less the number of linear con- 
straints involved. (Where there are n items, for instance, and 
the sum of squares is computed from the sample mean, only 


n—l 
(n-1) of the items are independent, for X, = nx— S (X,), 
i= 1 


and (X,—x) = S (x—X,). There are therefore (n-1) 
i=l 

degrees of freedom.) There remain finally a series of mean 
squares, each estimating a sum of squares per degree of freedom 
arising from a single source or a combination of (known) 
sources. Comparison of these variances in the fashion prescribed 
by the experimental design is the final step of the analysis. The 
distribution of sample estimates of the variance ratio for equal 
parent variances is used as the model. If the sample estimate 
is large enough to be unlikely, the hypothesis that the parent 
variances are identical is discarded. In our case, for instance, 
if the ratio 


FE sample variance variance of means of hand specimens 
sub-sample variance ~ variance within hand specimens 


were suitably large, the conclusion would be that differences 
between hand specimens were large enough to be detected and 
estimated by the experimental procedure. 


Biotite values for the Westerly thin sections are shown in 
table 2 arranged to facilitate the computations. 


Taste 2 


Biotite Vatves or Westerty Tuin Sections, From Taser 


Series a b ¢ Sums for hand specimens 
Spec. I8A15 4.2 5.1 44 13.7 
ISA19 36 3.8 11.3 
18A20 43 3! 4.1 11.9 
ISA21 3.4 5.2 124 
I8A23 +4 ; 43 115 
IRADS 2.6 3 3.2 93 
3.9 4 122 
1S A26 2.9 3.8 114 
ISA27 2.9 2.9 8.7 
1I9A2 3.0 4.1 11.2 
19A8 2.1 2. 3.3 7.9 


(Grand Total) 121.5 
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The first step is to compute the total sum of squares. Denot- 

ing by x a deviation, by x a mean, and by X a measurement, 
x +x, =X,. 


Squaring both sides, summing, and converting nx* to [S(X) ]? 


n 
gives S(x*) = S(X, — x)? = S(X7) — [S(X)]*. Thus the 
n 


total sum of squares is given by (4.2)? 4+-(5.1)? +... + (3.8)? 
(121.5)? 


= 16.729. If the experimental design did not permit 


isolation of separate sources of variability (if, for instance, all 
thin sections were cut from a single hand specimen or each thin 
section from a different hand specimen), the variance for the 
entire array would be obtained next as 
16.729/32 = 0.5228, 

the standard deviation would be simply the square root of the 
variance, or 0.723, and this would be the end of the trail. 
Having designed the experiment to permit isolation of distinct 
sources of variation, however, we are not entitled to make 
such a computation until and unless we find reason for suppos- 
ing that each source contributes similarly to the total vari- 
ance; ¢.g., that the data appear homogeneous. The hypothesis 
of homogeneity is tested by comparing the sample estimates 
of variance with each other, so that the next step is to compute 
these values from the sample. 

The sum of squares for differences between hand specimens 
may be reached in either of two ways. An average value for 
each hand specimen may be obtained from the a, b, and ¢ values 
in the appropriate row, and the sum of squares of these 
averages about the grand mean computed exactly as for the 
total sum of squares. If a computing machine is available, and 
sometimes if it is not, an identical result will be obtained in less 
time by working with the sums rather than the averages, thus 

(13.7)? + (11.8)? +. ..+ (7.9)? (121.5)? = 9.9858. 

We have used the grand mean as the origin of the deviations 
of the hand specimen means so only 10 of the 11 hand specimen 
means are independent, and the mean square or variance for 
hand specimens is given by 9.935810 = 0.9936. 

In the conventional analysis of variance both row and col- 
umn classifications are completely exclusive, and a sum of 
squares and mean square for column means is computed just 
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as for row means. If the a, b, and c sections had been cut, 
respectively, in the planes of rift, grain, and hardway, for 
instance, this comparison might be useful, and an orientation 
examination of this sort would certainly be desirable for work 
on schists and gneisses. In our case, however, though the assign 
ment of slides to rows is sharp and clearcut, their assignment 
to columns is rather arbitrary. If all the sawing had been done 
at one time, as would usually occur, the a and b values would 
be completely interchangeable, there would be 2"' or 2048 ways 
in which the a and b columns could be arranged, and no one pair 
of column means would be more meaningful than any other. 
Similarly, the assignment of one of two distant slides to c is 
just a question of where the b slide is taken. Thus it is not 
the differences between column means that concern us but the 
differences between entries in each row. The difference (a—b) is 
an indication of how closely a slide may be duplicated and the 
difference [(a +-b)/2]——e is an indication of how widely 
composition may vary in the hand specimen. The sum of squares 
for “duplication” is given by 14[S(a—b)*] which in this case 


comes to 3.640; the sum of squares for variability within hand 


specimens, or “replication,” 1s aa +b i or 3.153. 


Each sum of squares is generated by 11 independent differences, 


so the appropriate mean squares are 3.640/11 = 0.3309 and 
3.153/11 0.28662 
Assembling the results in tabular form gives: 
Deg. of 
Source of Variation Sum of aquares freedom Mean square 


Between hand Specimens 9.936 10 0.9936 
Within hand specimens 


| a+b 3.153 0.2866 


Duplication (a h) 8.640 11 0.3309 


16.729 
The operations pe rformed so far are purely algebraic; a 


total sum of squares may be partitioned in similar fashion for 

*Though replication refers strictly to any repetition, in agricultural 
experimentation it usually applies to repetitions of treatments under dif- 
ferent conditions. Regarding preparation and analysis of a thin section 
is “treatment” and distance between thin sections on the same hand speci- 
men as “difference of condition,” any two thin sections cut from the same 
hand specimen are replicates, and a duplicate is a special ease of replication 
n which the difference of condition has been as nearly as possible eliminated. 
Reasoning behind the rather arbitrary formulas for the within specimen 
sums of squares is given in Appendix A 
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any body of multiple-classified data just as a sum of squares, 
a mean square, and a standard deviation may be computed for 
any singly classified list of numbers. In both cases degrees of 
freedom are determined by the pattern of the classification so 
that variances, whether representing total or partitioned sums 
of squares, may be regarded solely-—and sometimes quite 
usefully-—as sample descriptions. 

The main object of variance analysis, however, is not to 
describe a sample but to reach inferences about the parent 
population from which the sample is drawn. It helps some to 
know, for instance, that the between specimen mean square is 
larger than the mean square for duplication; but what we 
would really like to know is whether the difference is large 
enough so that we may reasonably infer a source of inter- 
hand specimen variability over and above the error of duplica- 
tion. Now the actual test of the variances does involve certain 
assumptions not involved in their computation. Chief among 
these is the requirement that the parent variation of each 
source be normally or “sufficiently normally” distributed. In 
practice, considerable departures from normality may be tol- 
erated; a .01 probability for a truly normal distribution may 
be a .005 or .02 probability for a moderately skewed or other- 
wise non-normal distribution, but as we conclude in any case 
merely that the event giving rise to it is sufficiently rare to 
require explanation, the difference is often not material. 

Probability inferences are of course valid only for unbiased 
measurements of randomly chosen samples. I know no reason 
‘o suspect significant bias in analytical procedure except in 
the case of muscovite in the Westerly granite, of which more 
will be said below. The hand specimens were taken without 
regard for orientation, position in the rock body, or proximity 
of country rock and inclusions; their variation thus includes 
but does not permit isolation of contributions made by sys- 
tematic gradients in composition in the masses from which 
they come. I believe that in most of the granites of New 
England variations of this type are of minor significance and 
are, in general, so slight that even their detection would require 
a considerable amount of work.’ 


*For a very different view of the situation, based on a study of the 
Bradford granite, see A. Quinn, Am. Mineralogist, vol. 28, pp. 272-281, 
1943. The mean values for major constituents in the Bradford granite given 
here agree remarkably with those obtained earlier by Dr. Quinn, but his 
individual analyses show a much wider range. 
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It seems to me we have ample justification and precedent 
for applying variance analysis to studies of the composition of 
rocks, providing we do so skeptically and with reasonable cau- 
tion. The conclusion of the analysis already used as an example 
is simple and straightforward. 

The ratio of replication mean square to duplication mean 
square is F = 0.2866/0.3309 = 0.8661, which clearly offers 
no reason to suppose that variations within hand specimens are 
large enough to require special explanation. In fact, barring 
the emergence of an F at least as large as 2.82 and preferably 
as large as 4.46 (Snedecor, 1946, pp. 222-225 and discussion), 
we must conclude that the location of thin sections in the hand 
specimens is without detectable effect on the result. We may 
therefore regard the a, b and c sections as random samples of 
each hand specimen and pool the variances arising from duplica- 
tion and replication into a single mean square for “within- 
hand specimens” or “experimental error.” Since the sums of 
squares and degrees of freedom are additive, this operation 
amounts only to 

Deg. of 


Sum of squares freedom Mean square 


+b ) 3.153 11 


Duplication (a — b) 3.640 11 


Experimental error 6.793 22 0.3088 


The final analysis of variance is thus 


Deg. of 
Source Sum of squares freedom Mean square 
Between-hand specimen 9.936 10 0.9936 


F.xperimental error 6.793 22 0.3088 
F 0.9936/0.3088 = 3.22* 


As the .05 and .01 points for F bracket the sample value 
(.05 2.30, .01 3.26), there is a strong but perhaps not 
completely convincing suggestion that differences between hand 
specimens are greater than experimental error. Interpretation 
of a borderline case like this is always to some extent a matter 
of judgment. If F = 3.22 is regarded as significantly large, 
then the standard deviation of 0.723 for the entire group, 
computed at the opening of this section, must be replaced by 
two new calculations. 
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For variations between hand specimens after extraction of 
experimental error we have 


| 0.9936 — 0.3088 
3 


and for experimental error, the combination of within-hand 
specimen variation and analytical error, 0.3088 = 0.56%. 
Now from the relation set up (Chayes, 1949a), the analytical 
error itself—that is, the reproducibility of a result on the 
same thin section—would be estimated at between 0.47 and 
0.53 per cent, depending on count length, so that whether we are 
thinking of analytical error, experimental error, or differences 
between hand specimens the overall standard deviation com- 
puted without partition of the total sum of squares seems mis- 
leading. In this particular case the difference between total and 
hand specimen or error variances is not large; in other cases 
it might be much larger. 


D. EXAMINATION OF RESULTS: INFLUENCE OF TIME OF 
ANALYSIS ON PRECISION 


It has been mentioned that the a slides were cut and ana- 


lyzed several months before the b and c¢ series. Since all of the 
analyses were run during a time when the method itself was in 
the process of development, the possible effect of time of 
analysis on the caliber of the results is a matter of considerable 
interest. For the purpose of this experiment, of course, a time 
effect is of paramount importance quite aside from methodol- 
ogy, for if it is substantial the use of a on common footing 
with b or ¢ is immediately suspect, and comparisons between 
hand specimens must be carried through with only two instead 
of three slides per specimen, weakening the test proportionately. 

Though there is no way in which a pure time factor may be 
drawn from the results, the expected analytical error may be 
computed from the appropriate binomial (Chayes, 1949a) ; 
and, if the observed differences between a and b are not larger 
than might occur from analytical error alone, it may be safely 
concluded that variation introduced by the time lapse between 
analyses (plus whatever slight differences there may be between 
adjacent thin sections) is small enough to be neglected. This 
is not to say either that there is no time effect or that adjacent 
sections are identical, but only that variation from the com- 
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bined effect of these two sources is too small to be detected with 
the present analytical error and experimental design. 

The theoretical analytical error or reproducibility of results 
for a single thin section is given by 

n 
where p is the amount of constituent X,, n is the count length, 
and @,, is in terms of parts per hundred of the whole. 

In practice, of course, we do not know p, but use X¥ as an 
approximation; this is satisfactory so long as the range of 
composition of thin sections is small, for ¢ is not very sensitive 
to small differences in p. Similarly, an average value may be 
used for n; n was taken equal to 1400 in the calculations below, 
though none of the inferences reached would have been different 
for n as small as 1300 or as large as 1500. 

If a and b were actually duplicate analyses of the same thin 
section, the sample statistic to be compared with o; would be 


/ t 
— | 1 sre, -b,)?. 


2t 
The variance ratio table used in the preceding section also 


provides a convenient test of the relation between s, and o,. It 
is necessary only to compute 


F 


and compare this with the tabled value of r* where k is the 
number of differences available for the computation of s,. 
7 is presumed to be known exactly which would be the case if it 
had been determined from an infinite number of differences. 
Results of the computation for the a and b series of table 
1 are shown below in table 3. 


3 


Comparison or DIFFERENCES BETWEEN a and (Taste 1) 
with Exprerep Anatyticat Error 


Granite Mineral 

Westerly Quartz 1.430 
Orthoclase 1.580 
Plagioclase 1.568 
Biotite 0.248 
Muscovite 0.140 


3 
% 
F 
O45 
1.34 
0.86 
1.338 
5.64°° 
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Bradford Quartz : 1.27 0.80 
Orthoclase 2. 1.406 1.55 
Plagioclase . 2.162 1.727 1.25 
Biotite 0441 1.16 
Muscovite 25 0.324 0.77 

(.05 points, = 1.79, = 1.83, _ = 2.21; 


vil 
‘01 point, FU = 2.24) 


Except for Westerly muscovite all the F values of table 3 
fall far short of significance. This is a most encouraging 
result, not only for its general implication but in the specific 
sense that the design of the experiment may be maintained for 
85 per cent of the observations and nine of the ten comparisons 
originally planned. 

I believe there is a reasonable explanation for the difficulty 
with Westerly muscovite, and that consistent and reliable results 
may be obtained for fine-grained constituents by the use of 
two simple precautions not required where grains are large. 
As this is a matter of technique and will interest only those 
actually concerned with using the point counter, discussion of it 
has been placed in an appendix. 

Measurements of all five essential constituents in Bradford 
and of four of the five in Westerly, seem to be free of any 
detectable time effect. In all these cases we are free to regard 
the three measurements of each hand specimen as directly com- 
parable, so that differences between them or their means in any 
valid arrangement reflect true sampling variation rather than 
erratic or systematic differences in analytical error. For the 
Westerly muscovite, the a series of measurements must be 
eliminated from further calculations and the comparison 
between hand specimens carried through with only two thin 
sections per specimen. 


E. EXAMINATION OF RESULTS: 


VARIATIONS WITHIN AND BETWEEN HAND SPECIMENS 


The preceding section having failed to cast suspicion on the 
homogeneity of the data of table 1 as far as analytical tech- 
nique is concerned (except, of course, for Westerly muscovite), 
the remainder of the variance analysis follows exactly the pat- 
tern of the sample calculation of section C. Mean squares for 
the two within-specimen sources of variation are shown in 


table 4. 
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TaBLe + 


Suppivision or Wriruin-Specimen ror Errect or 
Location or Tuin Section Hanp Specimen 
Mean square for - 
Deg.of duplication replication 
Rock Mineral freedom (a b) (- +b ) F 


Westerly Quartz 0.639 0.898 141 
Orthoclgse 2.112 2.262 
1.342 3.130 
Biotite ... 0.331 0.287 


Bradford Quartz ... ‘ 1.019 1.121 
Orthoclase 5 2.179 1.465 
Plagioclase 2.162 1.715 
Biotite ro 0.512 2.082 
Muscovite ‘ 0.251 0.157 


(.05 points for F; 3.08, ¥** = 2:97. 
= 5.05) 


10 
5 


In no case does the ratio 

mean square for replication 

mean square for duplication 
exceed the appropriate .05 point of F, and in fact only for 
Bradford biotite and Westerly plagioclase does it even closely 
approach this value. There is thus no evidence of variation 
within hand specimens over and above that introduced by 
duplication, and, as we have already seen, the duplication 
variance itself is not significantly larger than the error encoun- 
tered in multiple analyses of the same thin section. Not only 
might the thin sections have been taken anywhere on the hand 
specimens, but apparently a comparable result would have been 
reached had each set of three analyses been done on the same 
thin section. 

Since within-specimen differences are negligible, the test of 
differences between hand specimens is greatly strengthened by 
pooling all internal variation into a single mean square for 
expe rimental error, as described in section b Results of this 
calculation are shown in table 5, only 6 and ¢ values being used 


for the computation of Westerly muscovite mean squares. 


In Bradford only muscovite seems to vary significantly 
between hand specimens while in Westerly only plagioclase fails 


to do SO. Now F 


may fail of significance either because its 
numerator is small! or its denominator large. As the differences 


3 
1.10 
0.67 
0.79 
4.06 
0.62 
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TaBLe 5 


Experimentat Error anp Berween-SrecimMen MEAN SQUARES 
(Westerly Muscovite Values Based on 6 and ¢ Only) 
Experimental error Between specimen 
Rock Mineral df mean square df mean square 
Westerly Quartz 0.768 10 6.085 
Orthoclase 20 2.187 14.528 
Plagioclase 20 2.236 4.832 
Biotite 22 0.309 0.995 
0.120 1.571 
Bradford Quartz 1.070 0.943 
Orthoclase 1.822 0.589 
Plagioclase 1,939 1.482 
Biotite 1.277 0.589 
0.204 0.802 
* suggestive variance ratio 
**highly significant variance ratio 


between error mean squares for major constituents are trifling, 
there is a clear implication that Bradford is a considerably 
more homogeneous granite than Westerly, in the sense that 
composition differences between hand specimens are smaller. 
This is a rather unexpected result but concurrent inspection of 
hand specimens, field notes, and the results shown in table 1 
persuades me that the wider range of composition of Westerly 


is not to be traced to specimens which might have been excluded 
from the sample on the basis of appearance or field relations. 
It remains only to estimate, again following the procedure of 
section C, the between-specimen variance components for those 
constituents for which its significance is suggested or estab- 
lished; namely, Bradford muscovite and all Westerly minerals 
save plagioclase. These estimates together with corresponding 
standard deviations and 4s intervals are shown in table 6. 
6 
VARIANCE COMPONENTS, STANDARD DEVIATIONS, AND 43 
INTERVALS FOR D1rrERENCES 
#, per cent 
Mineral Variance component of whole 42 interval 
Westerly Quartz .. 1.77 1.33 5.32 
Orthoclase 4.11 2.03 8.12 
Biotite ..... Tacs 0.23 0.48 1.92 
Muscovite .. 0.72 0.85 3.40 
Bradford Muscovite rare 0.20 045 1.80 


It would be possible to define a homogeneous rock as one in 
which between-hand specimen differences were not significantly 
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larger than experimental error, and on this basis Bradford 
would be homogeneous while Westerly would not. On the other 
hand, the experimental error will vary not only with the 
analytical method but with design of the experiment, and there 
seems to be ve ry little need, at least at present, for an all-or- 
none characterization of homogeneity. The Westerly is appar- 
ently more variable in composition than the Bradford, but an 
estimate of its range of variation from hand specimen to hand 
specimen, as shown in the last column of table 6, is much more 
useful than a qualitative classification. 


VARIABILITY OF THE FINER-GRAINED GRANITES 
OF NEW ENGLAND 

The reader will have guessed that this study has not been 
carried on in vacuo. Although complete results for the much 
broader examination of which it is a part are not yet ready 
for publication, sufficient information has been accumulated 
to indicate that the variability of most of the finer-grained 
granites of New England is of the same general order as that 
shown by Westerly and Bradford. 

For the remainder of my collection, consisting of hand speci- 
mens taken in about the same fashion as at Westerly and 
Bradford, only a single thin section has so far been cut from 
each specimen. The variance for each district is thus analogous 
to that shown by either the a, b, or ¢ series of table 1, and is 
to be regarded as an estimate of the variation in composition of 
areas of three-quarters square inch (not hand specimens). As an 
illustration of the general trend of the results the variance 
analysis for quartz is shown in table 7. 


TAaBLe 7 
Variance ANatysis For Quartz, Finer-Grainep 
Cate-ALKaLine Granites or New ENGLAND 
Source of Variation Degrees of Freedom Mean Square 


Between districts 7 53.847 
Within districts ‘ 2 4.554 


11.82¢* 


It is evident that there are highly significant differences 
between districts but the analysis does not tell whether these are 
in the means, the variances, or both. Ordinarily, as in the pre- 


53.8 
4.554 
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ceding sections, the experiment is so designed that the assump- 
tion of homogeneous variance within sub-groups is permissible. 
Here, however, where differences in composition, grain size, mix- 
ing, etc., are involved, this assumption is not justified in 
advance and must be tested against the data. The test (see 
Snedecor, 1946, p. 251) has been performed on the measurements 
from which table 7 has been computed, but a full description 
of it would carry the discussion too far afield. It will be much 
more useful to list the relevant data and discuss them quali- 
tatively. Material for the discussion is contained in table 8. 


TasLe 8 
Means Stranparp Deviations ror Quartz 
(Data of Table 7) 


State and district Number of specimens Mean Standard deviation 
Rhode Island 


Westerly 27.7 1.31 

Bradford 23.1 1.08 
Massachusetts 

Westwood 30.6 1.70 
New Hampshire 

Concord $0.8 2.72 

Milford 26.9 244 

Fitzwilliam 31.0 1.92 
Vermont 

Barre 27.0 2.54 

Woodbury 26.5 2.91 
Maine 

Pownal 28.8 146 

Swanville 25.5 0.74 

Clark Island 33.2 2.62 

North Sullivan 32.3 1.89 

Hallowell $1.0 0.94 
(Districts represented by less than four specimens are omitted) 


The test fails to establish any heterogeneity of variance, 
though it is possible that if certain districts (Concord, Wood- 
bury, and Swanville, for instance) were better represented the 
case might be otherwise. Geologists familiar with these gran- 
ites will note that for all the comparatively coarse rocks s in 


table 8 is 1.89 or larger, while for the finer-grained members 
s £1.70. 


However this may be, there is, on the whole, astonishingly 
little variation in quartz content within each district and on 
the basis of over 140 thin sections from 15 of the major quarry- 
ing areas of New England it cannot be shown that the amount 
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of this variation differs significantly from area to area. The 
evidence indicates that the quartz content of two randomly 
chosen thin sections from any one of these areas would very 
rarely differ by as much as nine per cent, and would usually 
be in far better agreement than this. From the results for 
Bradford and Westerly it would seem to matter little whether 
the sections were taken from a single hand specimen or from 
widely separated localities in a given granite body. 

The importance of this conclusion is obvious when one con- 
siders that of the two dominant hypotheses of granite formation 
one suggests the formation of granitic liquid from basaltic by 
crystal fractionation and the other has granites formed by the 
reaction of something or other with sediments. Positive 
petrographic evidence that a particular granite body formed by 
either process would seem to demand a much broader range in 
composition than has been or is likely to be found in most 
granite bodies. 

i:xponents of the crystal fractionation hypothesis may avoid 
this dilemma by supposing that fractionation normally occurs 
at depth, so that granite magmas are mostly prefabricated by 
the time they make their entry into the now visible portions of 
the crust. This brings the hypothesis into accord with what 
seem to me to be the facts, but it can hardly be regarded as 
strong evidence for the hypothesis. 

The strength of the various “transformist” hypotheses, 
however, is that they allegedly require no such sleight of hand, 
but are able to explain the formation of granite by gradual and 
progressive alteration of sediments in the visible portions of the 
crust. For the vast bulk of New England calc-alkaline granite 
these hypotheses are elaborate conceits designed to explain vari- 
ations which either do not exist at all or occur only on a 
scale so slight that they cannot reasonably be regarded as of 
regional importance. 

I am aware that this conclusion will be unpopular in the 
extreme, and that the advocate of one or other ultrameta- 
morphic process can now cite a virtually endless list of works 
by fellow devotees supporting his view of the situation. Con- 


sidering the remarkable disregard for the most elementary prin- 


ciples of sampling that characterizes most work on variations 
in rock composition (whether by magmatists or migmatists), it 
is only a mild exaggeration to say that present views of the 
subject bear about the same relation to the actual state of 


[ | 
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affairs as public opinion polls did to the last presidential elee- 
tion. From present indications intra-granite variations in com- 
position will generally be so small that their estimation, and 
sometimes even their detection, will usually require persistent 
quantitative study of properly chosen samples far larger than 
are now customarily used. 

Whether or not fractionation may have occurred at depth 
i do not pretend to know, but in the portion of the Earth’s 
crust usually exposed for study—-or at least that portion of 
it so exposed in New England—-there is rarely any evidence that 
granite has been derived either from basaltic magma or sialic 
sediments. It simply is, and it would be most simply explained 
as the crystallized equivalent of a liquid not very different in 
composition from the visible rock. 


G. SUMMARY 

A rather detailed study of small samples of the granites of 
Westerly and Bradford, Rhode Island, indicates that these 
granites are remarkably homogeneous in composition. Hand 
specimens of the Westerly granite apparently do vary in com- 
position but the amount of variation is very small. Differences 
between hand specimens of the Bradford granite could not be 
reliably detected. 

Similar but less detailed studies of small samples of most of 
the finer-grained calc-alkaline granites of New England sug- 
gest that these results are not atypical. Evidence is presented 
indicating that the range of quartz content of thin sections 
from any one of these granites will rarely be as much as nine 
per cent, and that commonly it will be a good deal less. A 
more complete study dealing with variations in each of the 
major constituents will be published in the near future. 

Hypotheses of granite formation requiring or implying 
extensive variations in composition within granite masses are 
rendered suspect by evidence that such variations either do not 
exist or are very rare. The simplest explanation for the exist- 
ence of vast masses of material so nearly uniform in composition 
would be their formation by crystallization from a magma of 
approximately the same composition. Concerning the origin 
of these parent magmas, the rocks themselves provide very 
little information. If they form by crystal fractionation of a 
basaltic magma, the process must be a very deep-seated one, for 
in most cases—ineluding all reported on here—systematic 


3 
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tendencies toward concurrent depletion in quartz, enrichment in 
dark silicates, and in anorthite content of plagioclase are lack- 
ing. On the other hand, variants extremely rich in quartz or 
muscovite, such as would be expected if granites formed by 
transformation of sediments, are also entirely lacking in the 
sample and must be extraordinarily rare in the rocks. 
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AprEenpix A 


COMPUTATION OF SUMS OF SQUARES FOR DUPLICATION 
AND REPLICATION 


1. Sum of squares for duplication. If x = (a+b)/2, and 
¢ is the difference between either value and the mean of the pair, 
then the desired sum of squares is 


S(d?) =S(¢) + = 28(¢@) 


for obviously ¢, == —«¢,. Now 
= a-b 
2 
2 
and = s(*) == 148(a-b)?, 
Hence S(d?) = = S(a-b)? 


which is the quantity used in the calculation on page 21. 


2. Sum of squares for replication. There ought to be an 
analogous algebraic identity to cover this case but I have so 
far been unable to find it. However, the calculation may be 
made to appear reasonable in the following fashion. 


The total sum of squares available for partition is 
c 11 
S (X*)— nar’. 
x=ai=>1 
Variations between hand specimens take up 14S(a+b+c)? 
— x’ of this, and failure of duplicates to agree exactly con- 
sumes 14,S(a—b)*. Anyone who cares to perform the neces- 
sary drudgery will find that 
c 11 
S (X?) (ab)? 
= 14,8(a?+b?+2ab+ 4c?—4ac—4bc) 
which reduces to 14 S(a+b—2c)?. 


After extraction of contributions made by other sources, the 
sum of squares available for replication is thus 


2 
S(d2) = 148(atb-2c)? = — 


this last form being used in the computation on page 21 in 
order to indicate that the replication sum of squares reflects 
the failure of ¢ to agree exactly with the mean of a and b. 
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If a computing machine is available, it is much quicker to 
cumulate the sum of the (a+b—2c)* term and divide by six. 


Arrenpix B 


NOTES ON THE DIFFICULTY OF OBTAINING 


CONSISTENT ESTIMATES OF FINE-GRAINED CONSTITUENTS 


The discrepancies between the a and b values for Westerly 
muscovite are quite extreme, the observed variance ratio being 
more than twice as large as the .01 point of the appropriate F, 
but until I had carefully reviewed my laboratory notes, with 
particular attention to the dates at which various studies were 
made, I could find no reasonable explanation of the difficulty. 
Much of the Westerly muscovite occurs as minute specks scat- 
tered through plagioclase and it is in the treatment of these 
that the a and b series differ. Wide and erratic differences in 
estimates of constituents whose grain areas are frequently 
of about the same order as the area of the cross-hair inter- 
section are one of the major problems of this type of microscopy, 
so a review of my experience with the matter may be helpful to 


others. The sequence of events I believe responsible for the 
instalnlity of the Westerly muscovite values was about as 
follows. 


Slides of the Westerly and Barre granites were part of the 
set run in duplicate for the original precision test of the point 
counter, when I had no idea that useful results could be 
obtained so easily for minor constituents or for very fine- 
grained ones. Next I etched and stained all the granite slides 
in my collection, to eliminate the sometimes bothersome and 
time-consuming business of distinguishing plagioclase from 
potash feldspar during analysis, and proceeded to reanalyze 
the entire collection beginning with what are here recorded 
as the a series of Westerly. 

By this time the consistency of results for major constitu- 
ents was pretty well established and the results for minor 
ones seemed so promising that I began a detailed study of the 
plagioclase-sericite relation in the Barre granite, which is 
relatively rich in muscovite. In work of this sort it is customary 
to operate with the microscope slightly out of focus, not only 
to take advantage of increased relief contrasts and color 
effects but also because it is a considerable nuisance to do 
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anything else. I soon found, however, that though the sharp- 
ness of focus had no appreciable effect on results for coarse- 
grained minerals, values reproducible within the supposed 
analytical error of the method could be obtained on minor 
constituents only if the point counter was closely adjusted 
and the field was brought to sharp focus whenever it was 
necessary to decide whether a small grain was actually cut 
by the cross-hair intersection or not. Failure to observe these 
conditions results not only in erratic values but, in my case 
at least, seems to introduce a small positive bias in the estimates. 

Shortly after completion of the Barre study the Westerly 
b and ¢ series were cut and analyzed; in this and all subsequent 
work involving fine grains due respect has been given the ad just- 
ment of the counter and the focus of the microscope. Assuming 
that differences between a and b slides are negligible, as table 
3 indicates to be the case for all constituents save muscovite, 
I now have a total of 33 thin sections of Barre, Westerly, and 
Bradford, each of which was run both before and after [ had 
realized the importance of adjustment and focus. In 26 of the 
33 paired analyses the earlier muscovite value is higher than 
the later one. 

I believe the present results—-that is, all dating from after 
the Barre study-—are not only more consistent but also more 
correct than the earlier ones, and am reasonably confident that 
the point counter is much better for work on fine-grained con- 
stituents than any line integrator except possibly the Went- 
worth-Hunt instrument. 

However this may be, the Westerly a values for muscovite 
differ decidedly from the b values and may not be used in 
further comparisons. Incidentally, just as we may test (a—b) 
against theoretical analytical error to determine whether the 
time factor is strong enough to influence the result, we may 
also test (b—c) to gauge the influence of spacing. Since b and ¢ 
were done after the Barre study, there is no question of a 
time effect; and, if the hand specimens are truly homogeneous 
or their internal variation is too small to detect, analytical 
error ought again to account for the variation between them. 
For Westerly muscovite s* computed from (b—c) is 0.120 while 
o is 0.127; there is here a good indication that with proper 
precautions error variance is the same for fine-grained 
constituents as for coarse ones. 
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THE PETROGRAPHY AND 
ENVIRONMENT OF DEPOSITION OF 
THE WARNER, LITTLE CABIN, AND 

HARTSHORNE SANDSTONES IN 
NORTHEASTERN OKLAHOMA 


PHILIP C. SCRUTON 


ABSTRACT. The petrography and field occurrences of the Warner, 
Little Cabin, and Hartshorne sandstones of lower Des Moines age in the 
area between Warner and Pryor in northeastern Oklahoma were studied 
in detail in order to determine the environments of deposition. On the basis 
of sedimentary structures, lithologic characteristics, fossil evidence, and 
areal distribution three environments of sand deposition are indicated. 
These are the river and submarine channel and the near shore neritic 
rone. 

The environments of deposition indicated by these sandstones and 
their occurrence in a related association of other alternating marine and 
terrestrial clastics, thin and intermittent coal beds, and limestones show 
that the Des Moines series in the Warner-Pryor district, at least from 
the Atoka through the McAlester formations represents a delta of 
moderate size. The increase in the sandstone to shale ratio in columns 
along sections approaching the Ozark region indicates that the delta was 
built outward from this low positive area. 

Correlation of particular beds in this delta by means of heavy minerals 
was not possible since the suite does not vary appreciably from the lower 
Atoka sandstones to the Bluejacket sandstone of the lower Boggy forma- 
tion. The heavy mineral suite consists of leucoxene, varieties of zircon 
and tourmaline, muscovite, rutile, staurolite, and chlorite and was developed 
by deep leaching of pre-existing sedimentary rocks on the flanks of the 
Ozark Dome in a mild humid climate. 


INTRODUCTION 


HE. sandstones considered in this paper outcrop in a nar- 

row strip trending from north to south in northeastern 
Oklahoma which extends through Mayes, Wagoner, and 
Muskogee counties (fig. 1). They belong in the lower portion 
of the Pennsylvanian system and are of lower Des Moines 
age. They, together with thick shales, other sandstone members, 
and minor thicknesses of limestone and coal compose the Atoka, 
Hartshorne, McAlester, Savanna, and lower part of the Boggy 
formations (table 1). 

Geologic work in eastern Oklahoma began early in the State’s 
history, largely because of the coal resources of the region. 
Drake (1897) and Taff (1899, 1902a, 1902b, 1905, 1906) are 
notable among the early workers. The early work resulted in the 
subdivision and naming of the lower Pennsylvanian beds around 
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TaBLe 1 
Classification of Pennsylvanian Rocks 
in Muskogee-Pryor District 


South of Arkansas River North of Arkansas River 
(T.12N.) (T.16N.) 


Boggy Boggy 
Formation Formation 


Savanna 
Formation 


McAlester- 

Savanna 

McAlester Formation 

Shale Warner ss. Little Cabin ss. 
member member 


Des Moines Series 


Hartshorne sandstone 


Atoka Blackjack Atoka 
Formation School ss. 


member 


Blackjack School 
Formation ss. member 


Morrow Series Morrow Series 


the towns of Atoka, Coalgate, Hartshorne, and McAlester. 
Thom, Wilson and Newell (1937), Dane and Hendricks (1936), 
and Renfro (1947) extended these early subdivisions north- 
ward and mapped the area considered in this paper. 
Successful subdivision of thick sediments requires that breaks 
in deposition which can be identified around the margin of the 
basin of accumulation be carried into the regions of essentially 
continuous deposition. Once the marginal relationships have 
been established, they may possibly be traced into the areas 
of continuous deposition and thus a fuller understanding of the 
thicker rocks found therein may be achieved. Considerable 
effort has been devoted in attempts to determine the precise 
southern equivalent of the Little Cabin sandstone because of 


its presumed importance in the successful subdivision of Penn- 
sylvanian sediments. 


A detailed knowledge of the relatively thin lower Pennsyl- 
vanian section below the Bluejacket sandstone of the Boggy 
formation in this area is of importance as it lies between 
exposures of lower Pennsylvanian rocks of Kansas and the 
thick sediments of the Ouachita Geosyncline. Understanding 
of this section is necessary in order properly to relate rocks to 
the north with their more imposing correlatives to the south. 
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Various obstacles have long stood in the path of successful 
correlation of beds across the Arkansas River north of 
Muskogee. The broad, late mature valleys of the Arkansas and 
Verdigris rivers at their juncture and the thick blankets of 
Quaternary alluvium which flank these streams have rendered 
surface tracing impossible. Lack of understanding of the nature 
of the beds and their environments of deposition has further 
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Fig. 1. Loeation of area. 


of Deposition of Sandstones in Northeastern Oklahoma 411 


increased the difficulty. Correlation of sandstones in this area 
by paleontologic means has proven to be impossible because 
animal forms change but little within the comparatively short 
time range represented by the section. Moreover, fossils are 
normally so poorly preserved as to be worthless for the 
extremely precise work which is necessary. 

Correlation by petrographic methods has been attempted 
in other areas where similar difficulties have been met, and 
in many cases has been found successful. In this investiga- 
tion the petrography and stratigraphic relations of the 
Warner, Little Cabin, and Hartshorne sandstones have been 
examined to determine whether correlation of these beds by 
this means is feasible. From these petrographic and strati- 
graphic considerations, knowledge of the nature of the organic 
remains, and a review of the physical framework of the region 
during the time of deposition, it is believed that some knowl- 
edge of the environment of deposition, the source beds for the 
sediments, and the paleoclimate and the paleogeography may 
be acquired. This knowledge may give a clearer picture of 
lower Pennsylvanian history in northeastern Oklahoma and the 
adjoining region of Kansas. 

The writer is grateful to A. N. Murray, H. E. Enlows, 
J. L. Walper, and H. E, Simison, all of the University of 
Tulsa, for assistance in the study. The manuscript of the 
paper has been critically read by Prof. W. H. Twenhofel. 


PROCEDURE 


Series of samples were collected from outcrops of the Warner 
and Hartshorne sandstones south of the Arkansas River and 
from the Little Cabin sandstone north of this river. A split 
of fifty grams was prepared from each sample and gently 
mashed in a mortar. The partially disaggregated material was 
then boiled in 6N hydrochloric acid to complete separation 
of the grains and to remove iron oxide which serves as a cement 
in the sandstone. After this oxide was removed, the solution 
and residue were diluted to 600 milliliters and decanted after 
settling for 30 seconds. This procedure removed particles 
below 1/16 mm. in diameter. After drying, the residue was 
weighed to determine loss in solution and decantation and 
passed through a battery of 20, 40, 60, 80, 100, and 200 mesh 
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screens. The portion retained on each screen was weighed to 
determine percentage. 

Sand which passed the 100 mesh screen but was retained on 
the 200 mesh was treated with bromoform to separate the 
heavy minerals. Permanent mounts of these were made, and 
the suites were analyzed and grain counts made by use of the 
petrographic microscope. 


DESCRIPTION OF MINERALS 


The mineralogy of the Hartshorne, Warner, and Little 
Cabin sandstones was found to be essentially uniform. For 
this reason the minerals of the three sandstones are discussed 
under a single heading, with any peculiarities present being 
noted in the treatment of the particular mineral where the 
irregularity occurs. 

Quartz. In all of the samples analyzed, quartz is in the dom- 
inant mineral. The grains vary in shape from highly rounded 
to angular. Pitted and striated grains are common, and well 
developed frosting is almost universally present on the larger 
grains. It is also present on many of the smaller grains. Authi- 
genic quartz in optical continuity is present on many grains 
to the point of developing perfect prismatic crystals doubly 
terminated by positive and negative rhombohedrons, and is 
usually set off by a well marked encirclement of the core by 
ferruginous or argillaceous material. In some cases this grain 
covering of foreign material is so complete that the inner core 
could exert no control on molecular arrangement of the silica 
being deposited and optical discontinuity resulted. Several 
samples contained quartz which exhibited a peculiar gray 
color in the leached aggregate. This proved to be due to an 
original-grain shroud of white argillaceous material completely 
surrounded and protected from leaching by a film of authi- 
genic quartz. If the covering of secondary material is well 
developed, details of the surface texture on the original grain 
cannot be distinguished. The presence of secondary quartz is 
most prominent in samples taken from south of the Arkansas 
River but is also present in many of the samples from the 
northern part of the region. 

Chert. Chert is second in abundance to quartz, and chert 
grains are more prominent in the samples collected north of 


the Arkansas River. Particles normally are quite angular 
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and show little or no evidence of rounding. In a few cases 
chert served as a cement for grains of quartz and formed, a 
hard resistant rock extremely difficult to disaggregate. 


Feldspar. Grains of albite feldspar were observed in only 
one sample. All grains were very angular and generally unal- 
tered except for two which showed clouding due to decomposi- 
tion products. 


Leucoxene. Leucoxene is commonly the dominant heavy min- 
eral. It occurs in a variety of forms and has color ranging 
from white through grayish white to faintly pink or orange. 
Shape ranges from well rounded to angular; the well rounded 
grains are probably of detrital origin. Grains of ilmenite were 
found in all stages of alteration to leucoxene and grains of 
staurolite were seen partially covered with a white, leucoxene- 
like film. Leucoxene has often been the center of deposition 
for a clear unclouded layer of secondary quartz. The quan- 
tity of leucoxene averages roughly 40 per cent greater in 
samples taken from north of the Arkansas River. 


Muscovite. This mineral is often next in quantitative im- 
portance to leucoxene and in some cases exceeds it in quantity. 
It is present in all samples in highly variable percentages. 
Occurrence is in the form of clear, colorless, subrounded to sub- 
angular books with slightly abraded edges. Inclusions are very 
common and are either clear, needle-like, and transparent or 
black, spherical, and opaque. Undulatory extinction is very 
common. The occurrence of muscovite seems to be related more 
to average grain size of the sample and nature of the heavy 
mineral suite than to the geographic distribution of the samples. 
Muscovite is present in large percentages if the median grain 
size is very low and the heavy mineral suite is small. Conversely, 
if average grain size is high and a well developed heavy mineral 
suite is present, the percentage of muscovite is low. These facts 
clearly indicate that muscovite, although ubiquitous in the 
transporting agent, was only deposited when the competency of 
this medium was very low as would be expected from a con- 
sideration of the shape and specific gravity of the mineral. 


Staurolite. Normally next in importance in the heavy mineral 
suite is staurolite. This mineral is gold to brownish gold in 
color and subangular to angular in shape. Well-rounded grains 
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of staurolite were not observed. The varieties which are darker 
in color transmit light with difficulty. Grains showing twinning 
and those with no trace of twinning lamellae are about equal 
in quantity. These latter fragments exhibit well developed 
conchoidal fracture and normally contain inclusions. These 
are either small, prismatic, doubly terminated, clear, colorless 
zircons or round transparent forms which seem to be oriented 
along crystallographic lines of control. There seems to be no 
geographical pattern to the distribution of staurolite. 


Zircon. Zircon in variable quantity was noted in every sample. 
Shape varies from extremely well rounded spherical grains, 
well rounded prismatic crystals, irregular subangular frag- 
ments, to perfectly euhedral doubly terminated crystals. The 
last are not common. Color ranges from clear and colorless to 
faintly bluish to strongly pink or purple. Only the perfectly 
clear and colorless grains were seen as euhedra; all colored 
grains show some abrasion. In two cases small pyramidal pro- 
jections were noted on otherwise highly spherical grains. These 
appear to have grown out from the grain in a direction parallel 
to the c-axis and were taken to be developments of authigenic 
zircon. 

A definite geographical relationship exists in the ratio of 
colorless to pink zircons. The highest percentage of pink zir- 
cons and their best physical development were found in the 
samples taken from the Little Cabin sandstone in the northern 
part of the area. They were found only sporadically in the 
Warner sandstone to the south and were not observed in the 
Hartshorne sandstone. In connection with this study some of 
the lower sands of the Atoka formation south of the Arkansas 
River were analyzed for heavy mineral content. Exactly the 
same suite was found in these lower sands as occurs in the 
Warner sandstone. Thus, the absence of pink zircon in the 
Hartshorne and its later appearance in the Warner does 
not indicate a new source of sediments or the entrance of a 


new element into the suite. 


Tourmaline. Six varieties of tourmaline were found to be 
prese nt. 


1. Brown. The brown variety of tourmaline varies from a 
rather dark brown to pale honey-yellow, depending on the 
optical orientation, and is subround to subangular in shape. 


3 
Ne 
Ne 
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Inclusions, both spherical and opaque and spherical and 
clear, are commonly present. Their arrangement is nor- 
mally parallel to the long axis of the crystal. 

1 2. Greenish-brown. With the exception of color, this variety 
is like the brown tourmaline described above. 

3. Brownish-green. This variety differs from the above in 
color only. 

4. Green. Grains of this variety are subround to subangular 
in shape and clear green to pale amber-tinted green in 
color, depending on the orientation of the fragment. 

5. Purple. he color varies from deep purple to only faintly 
so. In shape the grains are subangular to subround. Clear 
spherical inclusions aligned with the c-axis are common. 

6. Indigo blue (Indicolite). Fragments of this variety are 
consistently a clear light blue. Grains are normally well 
rounded with inclusions of colorless material present. The 
surface of some of the grains is quite rough. There seems 
to be some geographic control of the frequency of occur- 
rence. Indicolite is moderately common in suites from 
samples of the Little Cabin sandstone but is less common 
from samples of the Warner sandstone to the south and 
was not found in the Hartshorne. It was found in the 
lower Atoka beds so that its reappearance in the Warner ; 

seems to signify only a return to the site of deposition of | 

a more competent transporting agent. 


Rutile. The rutile grains are normally very well rounded and 
dark reddish-brown in color. Because of its intense color the 
mineral is nearly opaque, but under reflected light or in the 
conoscope the true color of the individual grains becomes 
apparent. An increase in quantity of rutile south of the Arkan- 
sas River was noted. 


Ilmenite. Ilmenite and magnetite were not differentiated. The 
minerals occur as completely opaque rounded grains showing 
a metallic luster in reflected light. All degrees of alteration to 
leucoxene are present. 


Spinel (variety picotite). One fragment of a coffee brown, 
angular, isotropic mineral with conchoidal fracture, high index 
of refraction, and several clear spherical inclusions was 
observed. This grain was provisionally identified as spinel. 
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Chlorite. No chlorite was found in the heavy mineral separa- 
tions made from the sand of grade size used for separation, 
but a few large books of dull grayish-green chlorite were 
observed under the binocular microscope. 

All attempts to correlate the Little Cabin sandstone with 
the Warner or Hartshorne sandstones on the basis of heavy 
minerals met with failure. In all of these sands the heavy min- 
eral suite is either uniform or the lack of uniformity has no 
significance in correlation. No new species or variety of min- 
eral has been found to enter and none of those present leaves 
the assemblage through the vertical interval] studied. Any 
attempt to correlate on the basis of minera] percentages was 
equally futile. The percentages of the various species present 
have been found so variable in the different beds that in many 
cases Hartshorne percentages correspond as closely to those 
derived from a Warner sample as do percentages derived 
from other Warner samples. Incomplete study of the lower 


TaBLe 2 


Results of Mechanical Analysis. Percentage of 50 Gram 
Sample by Weight in Each Grade Size 


Grade Size 
Loss in 
Sample 60— 80— 100— Solution & 
Numbers 100s Pan Decantation 


Hartshorne 7 20.8 
5.6 
17.8 

35 


Warner 


13.4 
11.6 
34.4 
17 
5 5 6 7 ll 30 41 
Pe Sa 1.7 114 249 17.9 43 12.5 49 143 
12 2.6 38.6 47.3 2 3.2 1 7 
13 0.5 11.6 13.8 428 218 3.3 5.9 
4 3.1 47.7 32.5 24 5.3 1.6 72 
15 13 46 25 6 + 1 | 
16 — 8 5 6 28 20 33 
Little 
Cabin a = 0.7 6.7 7.1 17.7 32.3 4.1 31.1 
10 13 ba) 15 37.7 25.0 33 8.6 
ll 1.9 17.6 24.3 20.7 13.5 74 143 
17 9 be] 24 19 17 
18 10 13 31 22 4 19 
19 4 29 24 12 7 5 1 16 
21 l ll 5 6 13 35 29 
22 l 12 82 29 7 2 16 
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sands of the Atoka and the Bluejacket member of the Boggy 
formation indicates that there is no change in the heavy min- 
eral assemblage in the entire section. If later study bears 
out this indication, dependable petrographic zoning is impos- 
sible in all of the lower Pennsylvanian section in this area. 
GENERAL FIELD OCCURRENCES AND RELATIONS 

Study of the various sandstones of the Little Cabin-Warner- 
Hartshorne sequence on the outcrop and in the laboratory 
shows that there are two general lithologic types of sand with 
all possible gradations and variations between them. These 
are designated the Hartshorne facies and the Warner facies. 

The Hartshorne facies is characteristic of the Hartshorne 
sandstone and is also very common in the Little Cabin sand- 
stone. This type of sandstone is characterized by poor sort- 
ing, fine grain size, poor to fine lamination, and large quan- 
tities of silt, clay, and limonite. The limiting bedding planes 
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Heavy Mineral Percentages Based on Counts of 800 Grains 


——— Tourmaline ———, 
Sample Museo- Br. Gr. Br. Gr. Pur. Ind. Zir- Ru- Leuco- Ilmen- Stauro- 
Numbers vite Br. Gr. Bl. con tile xene ite lite 
Hartshorne 1 26 18 40 4 12 
2 1 ’ 1 2 5 7 64 5 10 
3 41 —- 23-— 7 5 29 3 11 
Warner 8a 6 4 3 8 46 13 
12 16 — 5 3s 25 
13 4 1 _— 3 = 17 5 58 9 6 
14 6 30 16 31 6 10 
4 
3 
5 
7 
— 2 35 2 2 
17 28 5 8 62 1 
18 3 1 Sa 1 1 1 12 2 65 1 11 
19 l 1 23 $2 6 28 
21 77 - 3 77 1 
22 5 1 7 3 62 4 11 
be * Trace, less than 1 per cent. Key: Br. Brown Gr. Green 
Gr. Br. Green-Brown Pur Purple 


Br. Gr. Brown-Green Ind. Bl. Indigo Blue 
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of a major unit may be well developed or the sandstones may 
grade progressively into shale. This gradation is most often 
basal and into underlying beds, but gradation into overlying 
units has also been observed. Exposures of the thinly bedded 
material are usually capped by a more massive bed of variable 
thickness which is generally lensing in nature, and from which 
the fine grained material is separated by a well marked break 
characterized by cut-and-fill structure. The heavy mineral 
yield of the Hartshorne facies consists primarily of muscovite, 
leucoxene, and minor amounts of other materials. Land plant 
remains are very common, and fucoid markings on the bed- 
ding planes are frequently encountered. Linguloid type ripple 
marks and mud cracks have been found. In some cases the 
Hartshorne facies can be seen at generally the same topo- 
graphic level as beds of the other facies. 

The Warner facies is characteristic of the Warner sand 
stone and less so of the Little Cabin sandstone. The Warner 
facies, in ideal development, is characterized by rather good 
sorting, medium grain size, relatively unimportant quantities 
of silt and clay, localization of iron oxide (limonite) into beds 
and more rarely concretions, and excellent development of 
the heavy mineral fraction with little muscovite and, in some 
cases, relatively little leucoxene. A lens defined by well marked 
stratification often has excellent development of the graded 
type of bedding, with a particular lamination showing pro- 
gressive change from medium grain size through fine grained 
sand to an iron rich layer of fine grain size. This succession 
is often overlain by a repetition of a similar sequence. The cap 
ping iron rich portion of the lamination is often not developed 
and when this is the case the individual layer varies from 
medium to finer grained sand. Warner facies development in 
the Little Cabin sandstone often shows small lenses and pockets 


of granule conglomerate with subrounded to rounded quartz 
granules set in a matrix of finer grained material. Fossil con- 
tent of the Warner facies is normally low. Plant remains have 
been found although these are not well preserved. At some 


localities brachiopod, bryozoa, echinoderm, and mollusk remains 
have been collected. There seems to be little uniformity of type 
of life represented and marine and terrestrial fossils occur 
in the same bed and sometimes in the same locality. Rough 
cut-and-fill structure, cross-lamination, and rapid lensing of 
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the units is common. The top of a bed often shows wave-type 
ripple mark. At the type locality of the Warner just north of 
the town of Warner a peculiar hassock-like structure occurs in 
the formation. The sand at this locality is well developed 
Warner facies showing both complete and incomplete graded 
bedding. The individual beds have been deformed and contorted 
until they resemble Appalachian folding in miniature. This 
peculiar situation can best be explained as pre-lithification 
sliding on a gently inclined slope. The Werner facies is sep- 
arated from units above and below by sharp breaks and no- 
where has been seen to grade into other types of deposits, 
although, as has been noted, deposits of the Hartshorne facies 
can be seen lying at similar topographic position with no 
structural offset between. 

The typical Warner facies varies greatly in overall thick- 
ness. In the region around Warner it attains a maximum 
thickness of some 25 feet. To the north in the Little Cabin 
sandstone it varies from only a few inches to a maximum of 
ten feet. 

Over most of the area under study the Warner facies is 
a very resistant sandstone which controls the topography. 
Hills capped by this sandstone normally show a long and a 
short horizontal axis. The long axes in the area around 
Choteau are generally aligned from N.80°E. to N.50°E. Hills 
of this nature around Wagoner show major axial alignment 
which is generally N.30°E. to N.50°E. South of the Arkansas 
River the alignment of the topographic highs seems to be 
present but is different in direction, being either roughly north- 
south or east-west. The hills from Choteau to south of Wagoner 
are smaller than those below the Arkansas River and display 
definite inequalities in the horizontal axes. The width of these 
hills controlled by sand bodies is of the order of magnitude of 
100 yards with the lengths ranging up to one-half mile.. The 
corresponding highs in the southern part of the area are 
roughly two to five miles long and of less width. Since the 
sand units which cap the topographic highs can be seen to 
thin laterally, it may be inferred that they originally existed 
as lensing, more or less discontinuous bodies in a mass of less 
resistant shale. It is felt that these sand bodies indicate the prin- 
cipal courses of the transporting agent and the main sites 
of clastic deposition at a particular time. 


| 
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The color of both Hartshorne and Warner facies on the 
surface outcrop is highly variable. The Hartshorne type 
varies from a dark brown to dark green, through olive brown 
to a pale buff. The Warner type of sand does not show the 
dark green, but is normally brown to dark or light buff and 
may be deeply red. With the possible exception of the dark red 
and dark brown seen in the Warner type, it is believed that 
the colors are primarily due to surface weathering. The quan- 
tity of organic material buried with the sediments undoubt- 
edly brought about reduction of the iron which is the chief 
coloring agent in the beds. This idea is borne out by micro- 
scopic examination of subsurface samples from wells which 
penetrate these formations. The unweathered material thus 
obtained, often well cemented with calcium carbonate, shows a 
uniform light to medium gray color for the sandstones. 


The above are the two major types of sandstone present 
in the area, but there are all possible gradations within and 
around these types. The occurrence of one type is not restricted 
to any one horizon. One type may be found lying immediately 
adjacent to the other, either above, below, or laterally within 


a single unit. The Hartshorne facies may grade into shale or 
impure limestone, but the Warner facies is always separated 
by clean breaks from underlying and overlying beds. Consider- 
ation of lateral distribution and variation leads to another 
conclusion. These sandstone beds, instead of being the result 
of a single environment of deposition, are actually the prod- 
ucts of at least three environments, all closely related in space. 
The Little Cabin, with its subparallel ridges of coarse-grained, 
cross-laminated, cut-and-fill, fossiliferous, modified Warner 
type sandstone is the product of the river channel and the 
submarine channel with their near channel associates. The 
Hartshorne, although its outcrops are less well exposed, shows 
almost a full range of lithic parallelism with the Little Cabin 
and is undoubtedly of similar origin. The Warner sandstone 
departs from the other two in type of outcrop pattern and in 
overall lithology and is best explained as the product of deposi- 
tion in the near shore neritic zone. The more regular bedding, 
the better sorting, the evidence for prelithification sliding, and 
the greater areal extent and uniformity all indicate this. 
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RELATIONS BETWEEN THE HARTSHORNE, WARNER, AND LITTLE 
CABIN SANDSTONES AND ASSOCIATED BEDS 


In order to understand the environment of deposition of a 
single bed or of a single group of beds within a continuous 
period of sedimentation, it is necessary to examine, not only 
the bed or beds in question, but also, the gross field relations 
between all of the members of the depositional! unit. In addi- 
tion, the formation, transportation, and deposition of sedi- 
ments within a province is, in a large measure, a function of 
the physical environment of the province. The types of sedi- 
ments which are formed, their mode of transportation to the 
sites of ultimate deposition, and the nature of the deposit 
thus formed are all possible because of response by one part 
of the physical environment to the other parts. The rocks 
themselves react to the agents of climate and geography 
which make up or control the remainder of that physical 
environment. Thus, the starting point for reconstruction of 
an ancient deposit is a review of the paleogeology and paleo- 
geography of the province. 

Dott (1928) shows that in lower Pennsylvanian time a 
seaway lay several miles to the south of Muskogee against 
the flanks of the positive Ozark Dome and thence extended 
almost due east into Arkansas. Maps of later stages show 
the strand line slowly advancing to the north and west. Thus, 
the physical framework of the area was suitable for the forma- 
tion, transportation and deposition of sediments. With the 
thick limestones, shales, cherts, and thinner sandstones of the 
pre-Pennsylvanian Ozark Dome bared for denudation, an 
ample source of detritus existed, and with the seaway lapping 
against its feet, a ready site of deposition was at hand. 

An investigation of the lower Pennsylvanian beds shows 
them to be of complex and variable character. With the 
exception of products of vuleanism and evaporation and per- 
haps rare chemical deposits, it is probable that every known 
type of sediment can be found in some degree of development. 
Organic sediments as coal and petroleum, bio- and physico- 
chemical carbonates, the entire range of clastics, siliceous, 
and ferruginous deposits, all are known within a matter of 
a few hundred feet of beds deposited within a single geologic 
epoch in a single locality. A section, 87’ 5” thick, measured 
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along the south line of sections 34 and 35, T.20N., R.18E. 
effectively illustrates the rapid vertical variations of the beds 
in the entire area. 


Zone Description Thickness 

14. Silty, unevenly bedded, buff to brown sandstone. Small 
nodules of clay common. Cut-and-fill structure, mud 
cracks, and linguloid ripple marks prevalent .. 
Thin bedded, olive to brownish buff, silty shale with 
thin lenses of sand 
Lensing unit of buff, clay- ball conglomerate. The ma- 
trix is an argillaceous, fine grained sandstone with 
compact balls of gray clay similar to (9) 
Layer of concentric ironstone concretions 
Black unfossiliferous paper shales 
Gray to buff, poorly bedded, leached, plastic clay. 
Iron concretions common 
Above grades into gray to black te brown shales ; 
Ferruginous, brachiopodal limestone 
Buff to black shale 
Lignitic coal 
Gray, iron stained p! lastic underc lay 
Gray to buff silty shale ' 
Massive, lensing, buff, medium 
Fine grained, thinly bedded, olive to buff sandstone 


Total 5” 


This section overlies the Morrow limestone and is in no way 
unique. Newell (Wilson and Newell, 1937, p. 155ff.) gives 
a number of carefully measured sections from south of the 
Arkansas River which display variations in lithology equally 
as great within a similar interval. 

The extreme variation of the sediments is not restricted 
to the vertical plane but is also well developed laterally. It 
has long been recognized that the lower Pennsylvanian sand- 
stones of eastern Oklahoma have little or no persistence, either 
along the strike or the dip. They normally show crude cross 
lamination and cut-and-fill, and tend to thin and thicken rap- 


idly, and to pinch out completely in all directions. Examples 
of this lensing nature of the sandstones have been cited above. 
The shales, coals, and thin limestones seem to be little more 


reliable as horizon markers. In the region south of the Arkan- 
sas River, the shales constitute the major portion of the sec- 
tion and exhibit little resistance to erosion, so that poor out- 
crops are the rule. The presence of stray sands, thin coals, and 
limestones within these shales indicates that what is true for 
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the sands is equally true for the shales. In some cases the coals 
are more reliable as horizon markers. However they do not 
escape the general tendency to be highly discontinuous. ‘The 
coals of the Hartshorne, McAlester, Savanna, and lower Boggy 
formations are all locally developed and not continuous. The 
thin limestones of the McAlester and Savanna formations are 
also subject to lateral variation. 

The general thinning of the lower Pennsylvanian section 
from south to north in northeastern Oklahoma has been recog- 
nized. However, a particularly significant fact in the general 
relationship has not been interpreted. The thinning which is 
registered in the section is accomplished almost entirely within 
the shale units. The nature of the change in the rocks from 
south to north is best illustrated by several generalized sec- 
tions. In T.12N., of the 700 odd feet of beds from the top of 
the Morrow to the top of the Warner, some 100 feet is sand- 
stone while the remainder is largely shale. The sandstone 
to shale ratio here is 1:7. In T.14N. the same section is 600 
feet thick with a general thickening of the total sand section 
resulting in an increase in the sandstone to shale ratio. In 
T.16N. the situation has changed radically. The total section 
from the top to the Warner to the base of the Atoka is about 
400 feet thick. Of this thickness, the sandstones make up 170 
feet. Thus the ratio of sand to shale is roughly 1:1 and thére 
is relatively seven times as much sand in the section as in 
T.12N. This increase in the clastic nature of the section toward 
the north indicates that the source of these sediments must have 
been in this direction. This conclusion is strengthened by the 
complete absence of garnet in the samples studied. This min- 
eral is characteristic of Silurian and later rocks to the south 
and would be expected in these sediments had they been trans- 
ported from this direction. 

In reconstructing the environment of deposition of a series 
of beds, consideration must be given to the organic remains 
found in them. In connection with the field work for this paper, 
fossils were examined from the base of the Atoka to the top of 
the Warner or Little Cabin sandstones over the entire area. 
In every bed of the Atoka which was examined it was possible 
to find a more or less abundant and balanced assemblage of 
undoubted marine fossils. At the general level of the Harts- 
horne, however, a change is suggested. Coal lies both above and 
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below the Hartshorne sandstone. The sand itself yields abun- 
dant plant remains with specimens of Lepidodendron particu- 
larly prominent. In the Muskogee area no fossils were found 
in the Warner but almost directly overlying this unit at several 
localities are lenses of coal. Overlying these coal lenses are 
undoubted marine beds such as the Spaniard limestone. In 
the northern part of the area similar conditions exist. In the 
Little Cabin sandstone both marine and terrestrial plant fos- 
sils have been collected, sometimes one type to the exclusion 
of the other and sometimes both types together. The detailed 
section given above shows a variation from continental to 
marine beds, through other continental and marine units up 
to more continental strata in the ascending sequence. 

From this review of the condition as expressed by fossil 
content of the beds a certain pattern becomes apparent. The 
beds of the Atoka are dominantly marine in origin, but the 
sequence of events in post-Atoka time is a highly complex 
blending of happenings with marine or terrestrial environments 
prevailing at one point at successive times. Study of the fossil 
content of the Little Cabin sandstone and associated beds 
shows that this same vertical variation of environments is 
also present laterally. 

Consideration of sedimentary structures, lithologies, petrog- 
raphy, colors, distribution, and fossil content has indicated 
three environments of sand deposition. To these must be added 
the environments in which mud, swamp, and reasonably clear 
water deposits were made, now present in the form of the 
shales, coals, and thin limestones. 

Creation of order from this complexity appears difficult. 
However, when all of the evidence is considered, it seems very 
probable that the site of deposition was a region where a 
river, or group or rivers, flowing generally southwest off of the 
positive Ozark Dome entered the sea. At some place within the 


aren every characteristic feature of the deltaic environment 
can be found. 


INTERPRETATION OF GEOLOGIC HISTORY 


The existence of a delta of moderate size on the southwestern 
flank of the Ozark highland has thus been virtually demon- 
strated. The shallow lower Atoka sea advanced from the south- 
west to the flank of the Ozark Dome north of Muskogee and 
east of Wagoner. This general limit of advance was main- 
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tained during the period of deposition of the lower Atoka 
members. Slow sinking of an epeirogenic nature is indicated by 
the gradual transgression of upper Atoka beds to the north 
and east over the older members of this formation. Deposition 
following the Atoka, in general, seemed to catch up with sub- 
sidence and began locally to force the seas back to the south 
and west. Sedimentation may have been aided locally by gentle 
crustal warping in causing these restricted retreats of the 
sea. However, continuation of the downwarping, in general, 
spread the sea farther to the north along the western margin 
of the Ozark area. Deposition at times lagged behind sinking 
and reinvasions by the sea produced interfingering of marine 
and terrestrial sediments. The general position of the coast line 
at this period is delineated with some degree of precision by the 
eastern limit of the Little Cabin sandstone which was laid down 
near the shore, at some places on the subaqueous plain and at 
other places on the subaerial plain. Continued downwarping 
after Little Cabin time appears to have resulted in a more 
extensive invasion of the Ozark Dome, further northward 
extension of the coast line, and in the deposition of another 
series of marine beds. 

The Ozark region was never high during this period. Un- 
doubtedly it was a very low-lying land with subdued topog- 
raphy. If the crystalline core of the Ozarks was exposed to 
denudation at this time the drainage from these rocks was in 
another direction. No evidence of undoubted first cycle min- 
erals was found in any sample. Instead, it seems that sedi 
mentary rocks furnished the material for deposition since only 
resistant minerals were found. 

The streams bearing sediments meandered from the Ozark 
region to the sea with very low gradient. Carbonates, colloidal 
silica, iron salts, fine clay, silt, and some sand made up the 
bulk of the load. This type of burden was conditioned by the 
gentle slope of the land and the low stream gradient, the 
equitable climate which permitted abundant plant growth and 
deep leaching, and the source rocks themselves. The predom 
inantly limestone and chert sequence of the Ozarks could not 
be expected to furnish great quantities of pure quartz sand 
under any conditions of slope or weathering. The older quartz 
sandstones would, of course, yield some material of this nature, 
but the clastic load would consist to a large extent of the chert 
and insoluble clay residues found in the limestone. Review of 
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the stratigraphic section and the mineralogy of the sandstones 
shows that these products are exactly what are represented. 
The abundant secondary silica, iron oxide, and calcium car- 
bonate cement in the sands and shales are the result of precipi- 
tation from solution and colloidal suspension of these materials 


by salt or brackish waters and their entombment at the site of 
deposition. 


Rererences 


Barrell, J., 1912. Recognition of ancient Delta deposits: Geol. 
America Bull., vol. 23, pp. 377-466. 

Dane, C. H., and Hendricks, T. A., 1936. Correlation of the Bluejacket 
sandstone in Oklahoma: Am. Assoc. Petroleum Geologists Bull., vol, 20, 
pp. 312-314. 


Dott, R. H., 1928. Notes on Pennsylvanian paleogeography: Oklahoma 
Geol. Survey Bull. 40, vol. 1 pp. 51-68 

Drake, N. F., 1897. A geological reconnaissance of the coal fields of the 
Indian Territory: Am. Philos. Soc. Proc., vol. 36, pp. 326-419. 

Krumbein, W. C., and Pettijohn, F. J., 1928: 
petrography, New York. 


Soc. 


Manual of sedimentary 


Lowman, S. W., 1933. Cherokee structural history in Oklahoma: Tulsa 
Geol. Soc. Digest, pp. 31-34. 

Moore, R. C., et al, 1944. Correlation of Pennsylvanian formations of 
North America. Geol. Soc. America Bull. vol. 55, pp. 657-706. 

Powers, Sidney, 1931. Structural geology 


of northeastern Oklahoma: 
Jour. Geology, vol. 39, pp. 117-132 


Renfro, H. B., 1947. Lower Pennsylvanian sediments of northeastern 
Oklahoma. Unpublished Doctor's dissertation, The University of Wis- 
consin. 

Taff, J. A., 1899. Geology of the McAlester-Lehigh coal field, Indian 

Territory: U. S. Geol. Survey 19th Ann. Rept., pt. 3, pp. 423-455. 

= , 1902a. The southwestern coal field: U. S. Geol. Survey 22nd 

Ann. Rept., pt. 3, pp. 367-413. 


— , 1902b. Description of Atoka quadrangle. U. S. Geol. Survey 
Geologic Atlas, Folio 79, 8 pp. 
1905 


’ Progress of coal work in Indian Territory: U. S. Geol 
Survey Bull. vol. 260, pp. 382-401. 

—, 1906, Description of Muskogee quadrangle: U. S. Geol. Survey 
Geologic Atlas, Folio 132, 7 pp. 

Wilson, C. W., Jr., 1935. Age and correlation of Pennsylvanian surface 
formations, and of oil and gas sands of Muskogee County, Oklahoma: 
Assoc, Petroleum Geologists Bull. vol. 19, pp. 503-521. 

. and Newell, N. D., 1937. Geology of the Muskogee-Porum 
district, Muskogee and MeIntosh Counties, Oklahoma: Oklahoma Geol. 
Survey Bull, 57, 184 pp 

Wilson, Roy A., 1927. The upper Paleozoic rocks of Oklahoma; paleo- 
geography: Oklahoma Geol. Survey Bull. 41, pp. 22-46. 

632 Diamonp Street 
Paciric Bracn 
San Dirso 9, Cattrornta 


GROWTH STAGES IN FOSSIL 
OSTRACODES* 


I. G. SOHN 


ABSTRACT. Principles for the rate of growth in Arthropoda as applied 
to ostracodes, the number of growth stages that occur, and growth factors 
(the percentage of increase in size between growth stages) are discussed. 
Hans Przibram’s growth factor of 1.26 for all Arthropoda is proved, accord- 
ing to available data, not to apply to ostracodes. Limitations inherent in 
the study of growth stages of fossil ostracodes are pointed out. 


E fact has been known for a long time that ostracodes, 
in common with other members of the phylum Arthropoda, 
undergo periodic molting in order to change in size, and have 
several instars during the course of their development. The 
terms “growth stage (instar)” and “molt stage” have been 
used synonymously. I shall use these terms as defined in 
Webster’s New International Dictionary, 2d edition, un- 
abridged: 

“Instar: An insect or other arthropod in any of the sev- 
eral forms assumed between the successive ecdyses, or 
molts; hence, the form assumed during one such stage, 
or the stage itself.” 

“Molt: wv. To shed or cast off the hair, feathers, outer 
layer of skin, horns, or the like, the castoff parts being 
replaced by new growth. 


n. The act or process of molting; also, the cast- 
off covering.” 

As early as 1849, Jones (1849 pp. 18-19) recognized and 
designated “young”, “immature”, and “adult” stages of growth 
in Cythereis quadrilatera Roemer, and C. ciliata Reuss. Sub- 
sequent workers were not always able to associate forms that 
differed in size, shape, ornamentation, and hinge structure as 
stages of growth in the same species, and as a result some 
genera and species were erected on the basis of immature in- 
dividuals. 

During the past decade the study of growth series has re- 
sulted in the revision, suppression, and redefinition of some 
of these genera and species. Le Roy (1945) studied the 
development of Cythereis simiensis (Le Roy) and C. holmani 
Le Roy, and Cooper applied the principle of growth series to 
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species of Hollinella (1946, pp. 87-97) and traced the develop- 
ment of Ectodemites plummeri Cooper (1945). 

A principle for the rate of growth of Arthropoda was 
formulated for the first time in 1886 by Brooks (1886, p. 5). 
In his work on Coronis larvae he noted that by multiplying 
the length of the first growth stage by five-fourths, and the 
product by five-fourths again, and so on, a series of numbers 
that approximated the measured lengths of successive growth 
stages was obtained. In 1909, Fowler (1909, p. 224) published 
his results on living ostracodes that were captured in the 
Bay of Biscay and stated: “During early growth, each stage 
increases at each molt by a fixed percentage of its length, 
which is approximately constant for the species and sex.” He 
named this principle “Brooks’ Law.” Fowler’s growth factors 
for species of Halocypridae range from 1.26 to 1.78. Przibram 
(1931, p. 26) arrived at the growth factor of 1.26 for all 
Arthropoda, because 1.26 is the cube root of 2.0. He assumed 
that Arthropoda molt when the mass is doubled. “Any body 
which without change of form increases its volume to the 
double, will increase its length only by the cube root of two. 
Not only the length, but every line homologous in the original, 
will have to follow this same rule.” 

The question has been raised as to the number of growth 
stages that occur in ostracodes. The answer obviously lies 
with the zoologist, and, so far as I can determine, satisfactory 
data on the subject are not available. Workers on living ostra- 
codes recognize up to nine stages (eight molts) to maturity, 
and apparently have not followed the development after sexual 
maturity is reached. 

Available data seem to indicate nine stages to maturity in 
fresh-water ostracodes and only eight in marine forms (table 
1). This fact should be checked by zoologists. In 1894 Miiller 
(pp. 187-188) denied molting after maturity in most of the 
ostracodes (“Fur die meisten Ostracoden”), because he did 
not find discarded valves in aquaria in which he kept adults 
for several months. He suggested that in most Cytheridae 
and in some Cypridae the extensive fusion of the inner and 
outer lamellae that takes place in the adult stage makes 
additional molting highly improbable. In 1927, Miiller (1927, 
p. #22) categorically denied molting in all ostracodes after 
maturity (Geschlechtsreife-puberty) is reached, without citing 
evidence to support the statement. 
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In 1948 Kesling (pp. 1332-1333) studied cultures of living 
Cypridopsis vidua and arrived at the conclusion that in this 
species the adult does not molt. 

With regard to Miiller’s first statement and to Kesling’s 
conclusion, the following facts should be borne in mind: They 
observed specimens in an aquarium and consequently out of 
their natural environment. The molting behavior may not 
necessarily be the same in captivity as in the natural environ- 
ment. Miiller’s argument that extensive fusion of the dupli- 
eature prohibits further molting should be reexamined be- 
cause during molting the entire exoskeleton is discarded 
(Sharpe, 1918, p. 798); a fused duplicature should not affect 
that process. 


Post-maturity development is important to the paleontolo- 
gist, because certain deductions depend on whether or not there 
were molts after maturity. Blake (1930) used Miiller’s 1927 
statement in order to discredit Kellett’s remark that “The 
frequent moulting of ostracodes would allow for the change 
in the female from the wide to the narrow frill” (1929, p. 198). 
Cooper (1946, p. 89) based his revision of the species in 
Hollinella partly on Miiller’s premise. 

Dr. W. L. Schmitt, Head curator, Department of Zoology, 
U. S. National Museum, informed me’ that other groups of 
Arthropoda molt in order to change in size after maturity 
is reached. Calvert (1929, pp. 246-249) cites considerable 
evidence that in Arthropoda molts are not absolute indicators 
of biologie age, that there can be molting without growth, 
growth without molting, and that there are reasons to believe 
that molting is an excretory process. 

Although the answer to the question as to the number of 
molt stages in ostracodes awaits further investigation by 
zoologists, I would guess that in fossil ostracodes there prob- 
ably were molt stages after maturity was reached. 

Does the growth factor of 1.26, as postulated by Przibram, 
apply to ostracodes? Some data are available on the develop- 
ment of living ostracodes. The growth stages of a few species 
have been observed in the laboratory and in some cases checked 
against field collections. Data for the size of valves in the 
various growth stages have been recorded (table 1). 


*Oral communication. 
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A graph showing the calculated values for nine growth 
stages having a growth factor of 1.26 can be constructed. 
With one as a unit, I multiplied it by 1.26 and obtained the 
scale value on the graph for the second growth stage. This 
value times 1.26 gave the value for the third stage, and so on 
for the scale values on the graph for the nine stages (fig. 1). 
The published data on the length of valves in successive growth 
stages were converted to the scale of this graph as follows: 
Growth factors between any two stages were obtained by 


1 


Measured lengths (L) of growth stages of living Ostracodes and 
calculated growth factors (GF) 


Stage 1 2 3 

L, GF I L GF 

Bairdia serrata’ 0.2mm 1.30 0.26mm 1.23 0.32mm 1.22 
Cythere lutea® 0.156 1.21 0.188 , 0.224 1.14 
Cytherura nigrescens® 0.103 O.114 0.180 1.22 
Hirshmannia viridis* 0.130 0.144 0.170 1,15 
Lozoconcha impressa*® 0.136 1.06 0.144 0.180 
Loxoconcha impressa' 0.1 140 0.14 AS 0.2 1.20 
Macrocypris succinae® 0.29 1.28 0.37 19 044 1.21 
Cyprinotus incongruens® = 0.19 132 0.25 0.288 1.28 
Cupris fasciata* O27 26 0.34 1.29 
Cypris 0.132 0.165 0.19 1.21 


Stage 5 5 7 
L iF L. 

Bairdia serrata’ 0.52mm 1.3 0.66mm 
Cythere lutea’ 0.296 0.375 25 0470mm 1.23 0.578mm 
Cytherura nigrescens* 0.200 0.236 a 0.287 ‘ 0.361 
Hirshmannia viridis® 0.238 0.295 19 0.350 24 0434 
Loxoconcha impressa® 0.260 22 O3S16 19 0.375 0.463 
Loroconcha im pressa’ 0.28 32 037 16 
Macrocypris succinae’ 0.63 0.8 0.92 
tusincongruens® = 0.496 23 0.608 1.32 08 .26 1.008 159 1.6mm 
Cupris fasciata* 0.6 oa 0.8 A 1.05 38 1.45 138 2.00 
Cy pris 0.27 : 0.35 29 O45 20 0.54 1.11 06 


rino 


Miller, G. W., Uber Lebensweise und Entwicklungsgeschichte der Ostracoden: 
Sitzungsberichte Kéniglich Preussischen Akademie der Wissenschaften zu Berlin, vol. 13, 
pp. 368-375, 1893 ° 

* Elofson, Olof, Zur Kenntnis der marinen Ostracoden Schwedens: Zoologiska Bidrag 
fran Uppsala, vol. 19, pp. 378-379, 1941. 

*Schreiber, Erna, Beitrige zur Kenntnis der Morphologie, Entwicklung und 
Lebensweisse der Siisswasser-Ostracoden: Zoologische Jahrbucher, Abt. fur Anatomie 
und Ontogenie der Tiere, vol. 43, heft 4, pp. 485-538, 1922 

*Claus, C., Beitrige zur Kenntn'ss der Ostracoden: Schriften der Gesellschaft zur 
Beforderung der gesammten Naturwissenschaften zu Marburg, Band 9, p. 164, 1872. 
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L GF 
0.39mm 1.33 
0.255 1.16 
0.158 1,27 
0.195 1.22 
0.216 1.20 
0.24 1.17 
0.53 1.19 
0368 1.35 
O44 1.36 . 
0.23 1.17 
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dividing the length of the larger stage by the length of the 
preceding stage. The value of one on the scale of the graph 
was assigned to the first growth stage: this was multiplied 
by the factor between the first and second stages. The product 
is the scale value on the graph for the second growth stage. 
The scale value of the second growth stage times the growth 
factor between the second and third growth stages, and so on, 
equal the scale values on the graph for successive growth 
stages. The points thus calculated for several species of living 
ostracodes are shown on the graph. 

The measured lengths of successive growth stages converted 
to the scale of the graph do not correlate with the calculated 
points using 1.26 as the growth factor. Przibram’s growth 
factor of 1.26 is therefore not the growth factor for any of 
the species analyzed. As a matter of fact, it has been proved 
that 1.26 is not the growth factor of other groups of Arthro- 
poda (Calvert, 1929). 

The calculated growth factors for the several species of 
living ostracodes (table 1) indicate that no single factor 
can be applied to all the growth stages of the same species. 
Consequently, Fowler’s hypothesis that each species has a 


Fig. 1. Graph for nine growth stages calculated on the basis of a 
growth factor of 1.26, and plotted points (X) of measured’ lengths of 
growth stages of living ostracodes converted to the scale of the graph 
(see text). Subscript numbers indicate the growth stage. There is no record 
for the first growth stage of Cypris fasciata, consequently a scale value of 
1.26 was assigned to the second stage. Data from table 1. 
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definite growth factor is not strictly true in the light of 
observed data. 

Adult ostracodes range in length from 0.5 mm to 30.0 mm. 
Because the majority of them are less than 2 mm long, the 
average growth factor for these ostracodes must theoretically 
be less than 1.5. This is based on the following calculations: 
The first stage of all ostracodes for which I have been able 
to obtain data is larger than 0.10 mm. Assuming 0.10 mm as 
the length of the first stage, the ninth stage was calculated 
using growth factors of 1.1, 1.3, 1.5, 1.75 and 2.0. 


TaBLe 2 
Calculated lengths for nine stages 

Growth Growth Growth Growth Growth 

factor factor factor factor factor 
Stage 1.1 13 1.5 ; 2.0 

] 0.10 mm 0.10 mm 0.10 mm ! 0.10 mm 

2 0.11 0.13 0.15 3 0.20 
8 0.12 0.17 0.23 040 
4 0.13 0.22 0.34 5 0.80 
5 0.15 0.29 0.51 a 1.60 
0.16 0.37 0.76 J 3.20 
7 0.18 0.48 1.14 5 640 
0.19 0.63 171 12.80 
9 0.21 082 2.56 :. 25.60 


This table shows that the size of the adult is directly de- 
pendent on the size of the first stage and on the average 
value of the growth factors between the growth stages; a 
small average growth factor will result in a small adult, 
a large average growth factor will result in a large adult. 

A study of growth stages in fossil ostracodes is usually 
initiated through the fortuitous finding of a series of valves 
of progressive size. These valves all have some features that 
are considered by the student as diagnostic of a single species, 
and they usually are from one locality. The valves are arranged 
in order of increasing size. Variation in shape, ornamentation, 
hinge structure, and other observable features are recorded. 
Because the study is based primarily on the fact that the 
specimens are of progressive size, the following discussion 
deals with some limitations of the concept of a growth factor. 

At each growth stage the size of the individuals can be 
expected to vary because of hereditary and environmental 
factors. The frequency distribution of size for individuals of 
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any given growth stage may for convenience be assumed to 
take the shape of a normal curve when plotted on a graph. 
The curves of the frequency distribution of size of individuals 
in a series of growth stages will appear either as separate 
curves or as curves with overlapping ends. Some of Fowler's 
(1909) measurements of Recent ostracodes and my measure- 
ments of fossil ostracodes indicate that in some species the 
curves overlap. Large individuals of one stage may be equal 
to, or larger than, individuals of the next stage. It should 
be difficult therefore to differentiate between growth stages 
of fossil forms because of this overlap in size. Features other 
than size alone must be relied upon to differentiate between 
growth stages. 

I measured the hinge length, height, and convexity of a 
growth series of Aurikirkbya wordensis (Hamilton) and the 
greatest length, height, and convexity of Miltonella shupei 
Sohn.* Graphs for these measurements indicate that it is im- 
possible to differentiate between growth stages on the basis of 
size alone. In the above as well as in growth series of other 
species from the Permian of the Glass Mountains, Texas, it 
is not possible to distinguish between most of the growth 
stages on the basis of any other feature of the valves. 

Growth stages of individuals of living ostracodes differ 
from each other in size, in the number of appendages, in size 
and type of organs, in hinge structure, and in the extent of 
fusion of the duplicature. In fossil ostracodes, the stages 
differ in so far as the above factors are reflected in the 
structure of the valves. 

Molts of ostracodes may differ from each other only in 
size, or may not differ at all. When the molts are between 
two successive growth stages, they will differ in the same 
manner as the growth stages. 

I do not mean to imply that studies of growth series should 
be abandoned. On the contrary, growth series of Aurikirkbya 
wordensis (Hamilton) enabled me to restrict that species and 
to differentiate between it and a closely allied concurrent 
species. Growth series of Miltonella shupei Sohn enabled me 
to place within this species individuals which, when found 
* These two genera are described in “Growth series of ostracodes from 


the Permian of Texas”: U. 8S. Geol. Survey Professional Paper 22lce, 1950, 
pp. 33-39. 
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isolated, could incorrectly form the basis for several new 
species. I wish to emphasize the fact that the available bio- 
logical data are not adequate to solve the problems of the 
number of instars in ostracodes, of postmaturity molting, and 


of 


the number of molts between instars. 
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GRAPHIC ANALYSIS OF DRIFT 
TOPOGRAPHIES* 


ROBERT V. RUHE 


ABSTRACT. A useful criterion for differentiation of glacial drifts of 
different ages is a comparison of their topographies. In general, analyses of 
drift topographies have been qualitative. A quantitative method of analysis 
which can be presented in simple graphic form is proposed. Time relation- 
ships of the drifts are determinable by interpretation of the frequency 
curves of drift topographies. Relationships of the Wisconsin drifts of 
northwestern lowa are demonstrated by application of a graphic method. 


INTRODUCTION 


T. C. Cuamperuin (1878) emphasized the significance of 
differences in topographic expression as a means of differ- 
entiating glacial drifts. Since this pioneer work, topographic 
form has been utilized as a criterion of differentiation. How- 
ever, analyses of drift topographies have been mainly quali- 
tative. Lengthy, detailed descriptions have been employed to 
demonstrate existing differences. As a result, surfaces of con- 
siderable extent were interpreted on the basis of generalizations. 

Topographic maps have been used to demonstrate differ- 
ences of drift topographies. Alden and Leighton (1917, pp. 
60-77) used portions of U. S. Geological Survey topographic 
maps to illustrate differences between Iowan and Kansan drift 
regions of northeastern and eastern Iowa. An adequate pic- 
ture of a very small part of the drift regions is thus available. 
The major portions of the regions where topographic surveys 
had not been made were, of necessity, described in the accom- 
panying general discussion. 

Carman (1931, pp. 40-48, 103-105) encountered difficulty 
in describing the topographies of the drifts in northwestern 
Iowa that he delineated as Iowan and Kansan. Restudy of these 
drift regions (here reclassified as Tazewell and Iowan) demon- 
strated to the present writer that they cannot be contrasted 
qualitatively. The regions contain the same topographic units. 
Comparison on a descriptive basis shows only that the drift 
topographies are similar. However, if a quantitative method of 
analysis is used, differences are noted. 

In recent years aerial photographs have been used exten- 
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sively in glacial studies. Interpretations based upon use of 
these field aids have also been mainly qualitative. 

A method that reduces expressions of drift topographies 
to a concise form has not been presented, to the writer’s 


knowledge, in the literature. The following method has been 
found useful. 


GRAPHIC METHOD OF ANALYSIS 


In regions where topographic maps are lacking, analysis 
of slopes and relief can be made by a study of highway profiles. 
Profiles of primary roads are available in many states at the 
offices of highway commissions or offices of district resident 
engineers. Most glacial drift surfaces are traversed by net- 
works of these primary roads. 

The factors (1) slope and (2) relief are determined directly 
from the highway profile. In the generalized profile (fig. 1) 
slope in percent (s) is computed: 


s= La 100 
x 


y is the difference in elevations between two adjacent high and 
low points in an increment of the traverse (X), and x the 
horizontal distance between those points. For example, slope 
of the portion of the profile ab is determined: 


Ze 

Similar computations are made for the portions of the profile 
be, ed, etc. Relief is determined: 

r= — Ja 
Ym and y, are the elevations of adjacent high and low points 
in an increment on the profile. For example, relief on the part 
of the profile ab is computed: 

Similar computations are made for the parts of the profile 
be, ed, ete. 

"Slopes and relief of the highway profile are analyzed statis- 
tically by determining the values of these factors along the line 
of traverse (X.). Brackets of quantitative values may be estab- 
lished. Slopes may be grouped conveniently into values which 
vary from 0-3, 3-6, 6-16, or 16-40 percent; relief ranges may 
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also be established, such as 20-40, 40-60, 60-80 feet, etc. Units 
are thus established which can be utilized for statistical 
purposes. 

Analysis of frequencies of slope and relief units is possible 
if computation of slope and relief is made within equal incre- 
ments of the total distance of the traverse (X). In figure 1: 


X1— Xo X2—-X1 — 
and 


(x: — xo) + (x2 — 1) + (xp —xs)....=3 


For example, a traverse (X) consists of 100 increments. Slopes 
of 0-3 percent exist in 36 of the increments, slopes of 3-6 
percent in 42 of the increments, slopes of 6-16 percent in 19 
of the increments, and slopes of 16-40 percent in 3 of the 
increments. Frequencies in percent of the slope ranges are: 


Slope Frequency-percent 
0-3 
3-6 
6-16 

16-40 


190 


Several traverses may be analyzed and the average frequencies 
of each slope range determined. Results of the computation 
may be represented graphically in bargraphs or frequency 
curves. Values obtained by interpretation of a net of primary 
roads in a region covered with glacial drift can thus be com- 
pared with values obtained from a study of profiles of another 
region. Comparison of drift topographies is reduced to a com- 
parison of mathematical curves. 


FIG. 1. GENERAL! ZED HIGHWAY PROFILE 
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Accuracy of the graphical representation of drift topogra- 
phies increases with the number of profiles analyzed. In north- 
western Lowa, five east-west primary roads traverse the Tazewell 
and Iowan drift regions. Two north-south roads are located in 
each of the Tazewell and Iowan regions. Distances of fifteen 
to twenty miles separate the highways. The writer believes 
that this number of profiles should represent with a reasonable 
degree of accuracy the topographies of these drift regions. 

Use of highway profiles for analytical purposes requires 
(1) a field check of the geographic location of the traverse to 
determine whether the true topography of the region is 
expressed by the profile, and (2) corrections for cuts and 
fills made in the course of highway construction. Evaluation 
of these factors is necessary for an accurate analysis. For 
example, in many places in the Kansas drift region of south- 
western Iowa highways are emplaced along narrow topo- 
graphic divides where gentle slopes exist. Profiles normal to 
the divides show the steeper slopes that are characteristic 
of the region. In this case the profile of the primary road 
does not express the true topography. Cuts and fills reduce 
the slopes of a drift surface. The highway profile must be 
converted to the true topographic profile by the addition of 
the depths of cuts and heights of fills to the convex sides of the 
swells and sags respectively of the highway profile. Field 
study is necessary to check the corrected profile. Corrected 
profiles should be used in the statistical analysis of drift 
topographies. 

An alternative approach to a quantitative study of a drift 
surface may be made by using aerial photographs upon which 
altitudes taken during altimeter traverses have been plotted. 
Profiles are readily constructed and the above method of 
analysis employed. 

A shortcoming of this quantitative method is that glacial 
constructional forms (end moraines, drumlins, etc.) must be 
incorporated in tke profile analysis. Erosional and construc- 
tional slopes may fall within the same range and be grouped 
together. It is possible that an end moraine unmodified by 
postglacial erosion may be represented by a frequency curve 
which is the same as or very similar to the curve of a dis- 
sected ground moraine of an older drift. Therefore the 
graphic method is applicable only to comparisons of con- 
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structional topographies or erosional topographies if entire 
drift regions are analyzed. Modified and unmodified drift sur- 
faces may be contrasted if the analyses are restricted to the 
same types of topography, for example, ground moraines. 
An evaluation of the bedrock or other preglacial surfaces 
is necessary in order to determine their influence upon the 
present drift surfaces. For example, the frequency curve of 
the topography of a thin older drift mantling a relatively flat 
bedrock surface may be quite similar to the curve of a young 
unmodified till plain where bedrock does not influence the 
surface expression of the drift. Field study, however, would 
show these relationships. In the following section a graphic 
method of analysis is applied to the drifts of northwestern 
Iowa. The thicknesses of these drifts are believed to be of such 
a magnitude that the existing surfaces of the drifts are not 
influenced by the character of their preglacial surfaces. 


APPLICATION OF METHOD 


Four Wisconsin drifts have been identified and mapped 
recently by the writer in northwestern Iowa; the drifts are 
recognized as the Iowan, Tazewell, Cary, and Mankato. Field 
study showed that the Iowan and Tazewell drifts are well 
drained and have had integrated drainage systems developed 
on their surfaces. Undrained depressions are lacking. These 
two drifts are very similar topographically. Local areas of 
level, undulating, rolling, and dissected ground moraine occur, 
and because of this relationship the regions cannot be dif- 
ferentiated on a qualitative basis. However, the frequency 
of occurrence of these topographic units differs (fig. 2). 
The regions may be differentiated on a quantitative basis. 

The Iowan and Tazewell drifts are bordered to the south 
in western-central Iowa by the Kansan drift. This older drift 
differs distinctly from the younger drifts and is maturely 
dissected and characterized by steep slopes. The difference is 
particularly evident when the frequency curves are compared. 

The Cary and Mankato drifts are very similar topo- 
graphically but differ decidedly from the Iowan and Tazewell 
drifts in this regard. The two later drifts are margined by 
vigorous end moraines with well-aligned trends. End moraines 
also exist at variable distances behind the marginal moraines. 
Intermorainic till plains of low relief constitute appreciable 
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portions of the drift regions. Field study showed that both 
regions are very poorly drained in the end- and ground- 
morainal areas. Integrated drainage systems have not been 
established on these drift surfaces. Undrained depressions 
are abundant. Similarity of the ground-morainal topographies 
of the Cary and Mankato drift regions is demonstrated by 
the Cary and Mankato curves (fig. 2). Evidence that the 


LEGEND 
MANKATO —-— 
CARY 
TAZEWELL- - - - 


FREQUENCY ~ PERCENT 
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FIG. 2. FREQUENCY CURVES OF GROUND-MORA I NAL 
TOPOGRAP HI ES 
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Iowan and Tazewell topographies differ from the Cary and 
Mankato is shown by the slope curves of the four drifts. 

The frequency curves in figure 2 represent the topographies 
of the ground moraines of the various drifts. No end moraines 
exist in the Kansan or Iowan regions. A subdued, patchy end 
moraine that exists at or near the margin of the Tazewell 
drift is excluded from the analysis. The end moraine consti- 
tutes only one to two percent of the Tazewell drift region. 
The frequency curves of the Kansan, Iowan, and Tazewell 
therefore essentially represent the topographies of these drift 
regions. In figure 3 the topographies of the whole of the Cary 
and Mankato regions are represented. End and ground mor- 
aines are included in the analyses. Similarity of these drift 
topographies is evident. 

Computation of the frequency curves of the slope topog- 
raphies of the Kansan and Wisconsin drifts is based upon a 
slope study by the soil survey personnel of the Iowa Agricul- 
tural Experiment Station (1949). 


RELATIONSHIP OF TOPOGRAPHIC EXPRESSION AND TIME 


Frequency curves of the Kansan, Iowan, Tazewell, Cary, 
and Mankato topographies show the time relationships of 
these drifts. Peaks of the frequency curves shift from low-slope 
to high-slope values as the age of the drift increases. Peaks 
of the Mankato and Cary curves fall within the 0-3 percent 
range whereas those of the Tazewell and Iowan curves shift to 
steeper slope values, 3-6 percent. The Kansan modal is in the 
steepest slope range, 16-40 percent. 

Pertinent to study of the Wisconsin drifts is the relationship 
which exists between the Mankato, Cary, Tazewell, and Iowan 
curves (fig. 2). Similarity of the Mankato and Cary curves 
(also fig. 3) indicates that these two drifts are closely related 
in time. The same relationship exists between the Tazewell and 
Iowan curves. Comparison of the curves of the Mankato and 
Cary to the Tazewell and Iowan indicates that the major time 
break in the Wisconsin sequence occurred during the Cary- 
Tazewell interval. Field study showed that integrated drainage 
systems have been established on the two older Wisconsin drifts 
but not on the two younger drifts. An interval of time of sub- 
stantial duration was necessary for the establishment of drain- 
age. Comparable time intervals between the Mankato and Cary 
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FIG. 3. FREQUENCY CURVES OF DRIFT TOPOGRAPHIES 


and the Tazewell and Iowan are precluded by the similarity 


of existing topographies as demonstrated by the frequency 
curves. 


CONCLUSIONS 


Quantitative analyses of drift topographies can be made by 
the simple method detailed in the foregoing statement. Analyses 
can be presented in simple graphic form. Comparison of drift 
topographies is reduced to a comparison of mathematical 
curves. Knowledge of the time relationships of the drifts is 
gained by interpretation of these curves. 
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REVIEWS 


An Advanced Treatise on Physical Chemistry. Volume I. Funda- 
mental Principles; The Properties of Gases; by J. R. Partineton. 
Pp. xlii, 943. London, 1949 (Longmans, Green and Co. Ltd., $16.00). 
The publication, particularly in English, of the first volume of a 
new three- to four-volume advanced treatise on physical chemistry 
will be welcome to many. 

Partington’s contribution differs from other encyclopedic works 
of its type in being the work of a single author, rather than the 
collaborative effort of a group of experts. This lends to the book 
a pleasant sense of unity: all the topics are treated from approxi- 
mately the same level, and there is less tendency to stress a par- 
ticular approach to a topic at the expense of viewpoints other than 
the author's. It also means that there is very little original material 
or interpretation in the book, although critical evaluations of con- 
flicting theories and observations are often referred to when they are 
to be found in the literature. 

In the preface, which is well worth reading for its caustic com- 
ments on the state of scientific literature in England and America, 
Partington claims to be particularly interested in the experimental 
side of the science. This bias, however, does not prevent him from 
giving excellent summaries of such theories as may be of value to 
the experimentalist. This means, in fact, most of the important 
theoretical topics of physical chemistry. 

This first volume of the set begins with a concise mathematical 
introduction followed by a presentation of thermodynamics, empha- 
sizing the practical applications of the methods, rather than the 
formalized axiomatic derivation of the science. Next comes a brief 
treatment of important results of the kinetic theory of gases, based 
primarily upon the free-path concept, instead of the fundamental 
integro differential equation. The section jon statistical mechanics, 
which follows, stresses the Maxwell-Boltzmann formulation of the 
theory, as being of most importance for physico-chemical applica- 
tions, and includes a full discussion of methods of computing ther- 
modynamie functions from molecular models. The more sophisticated 
approaches to the theory are mentione d, but not emphasized. A 
rather brief section on wave mechanics, ¢oncerned primarily with 
solving the Schroedinger equation for the) hydrogen-like atom con- 
cludes the exposition of fundamental printiples. 


The practical part of the volume begins with a section on tempera- 


ture, which includes information on thermdregulators, thermometers, 
fixed points, and a variety of other useful|data. This is followed by 
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descriptions of special techniques for experimentation at high and 
low temperatures. 

The final and longest section of the volume is devoted to prop- 
erties of gases. The principal sub-headings include: pressure- 
volume-temperature relations of gases, experimental; critical phe- 
nomena; equations of state; densities and molal weights of gases 
and vapors; specific heats of gases; viscosities of gases; conduction 
of heat in gases; diffusion of gases; and gases at low pressures. 
For all these subjects, attention is given to methods of obtaining 
the data, as well as to the ways of correlating and interpreting the 
results once they have been secured. Numerous empirical equations 
are given, with values of the constants for substances to which they 
are applicable, and there are also extensive tables of numerical data. 
In addition, pertinent theoretical discussions are included at 
appropriate points. 

Professor Partington has accomplished a remarkable job of sur- 
veying the literature from a very early date up to a time only 
shortly before the appearance of this volume. In several instances, 
work appearing in 1949 is referred to, although Partington dis- 
claims any responsibility for the validity of such material. In addi- 
tion to the very complete footnote references—18,145 separate 
citations are said to be included—each major section contains a 
bibliography of pertinent textbooks and monographs, and there are 
also special bibliographies on certain special topics such as the one 
on statistical calculations of entropy. One of the most frequent uses 
of the work will probably be as a guide to the literature in a 
particular field. 

There are, unfortunately, a few defects which require comment. 
In a work of this magnitude executed by a single author, occasional 
errors of fact or of interpretation are almost inevitable. The user 
of the beok will therefore be well-advised to verify the statements 
from the original literature before relying too strongly upon data 
contained in any book of this type. An example of such an error 
is the implication, on p. 325, that the law proposed by Lennard- 
Jones for the intermolecular potential energy can be applied to the 
intramolecular binding of atoms. 


Although the subject index is rather more complete than in many 
English works, it is not up to American standards, and, unfor- 
tunately, the table of contents covers only major sections, and does 
not contain the detailed outline of the organization of the work 
which is so helpful in becoming acquainted with a reference book 
of this sort. This is particularly unfortunate since the organization 
of the book itself is not too consistent, and in several cases material 
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which the reader might expect to find in one section is taken up 
somewhere else. Thus, the London theory of van der Waal’s forces 
is taken up in the chapter on the equation of state, and the quantum 
theory of magnetism under low temperatures, whereas both of these 
topics might be expected to be found in the discussion of wave 
mechanics. This weakness could easily be remedied, and the value 
of the book greatly enhanced by including in the final volume a 
detailed analytical table of contents and a really good index to the 
whole work. 

The book as a whole is to be highly recommended as a very valu- 
able guide to the literature of physical chemistry. It will be par- 
ticularly valuable to those who are not specialists in the subject, but 
need to use either the concepts or the data of one of the fields of 
physical chemistry in their own work. This use by non-specialists 
will be facilitated by the author’s thorough and unsophisticated 
treatment. The work should be a necessary part of reference 
libraries in all fields of science where physico-chemical data or 
methods are occasionally required. The appearance of the second 
volume-—said to be now in press—and its successors will be eagerly 
awaited. HENRY C. THACHER, JR. 


An Introduction to Crystallography; by F. Cores Puituips. 
Pp. ix, 302; 500 figs. London, 1947 (Longmans, Green and Co., 
$6.50).—This book is intended as an introduction to the study of 
crystallography, not only for mineralogists and crystallographers, 
but also for other scientists—chemists and physicists—whose work 
with crystalline substances may require a basic knowledge of the 
elements of crystallography. 

Mr. Phillips wisely chooses to begin with a study of the elements 
of external rather than internal symmetry; for, as he states in his 
Preface, “the student . . . cannot see and handle the atomic 
structure, and check for himself the regular arrangement, in the 
same direct way in which he can handle the crystals themselves and 
check the regularity of angular relationships of the faces by direct 
goniometrical measurements until the existence of an orderly struc- 
ture in the crystalline state becomes something much more real 
to him than a plausible explanation of certain diffraction effects.” 
The introductory chapters trace the development of “classical” 
crystallography—pre-x-ray crystallography, it might be called— 
and discuss the seven crystal systems. A short chapter on optical 
goniometry is followed by a comprehensive account of the thirty- 
two crystal classes, using the Hermann-Mauguin system of nota- 
tion. An excellent innovation has been to include, as examples in 
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each class, not only naturally-occurring minerals but synthetic 
chemical compounds as well—a feature which should put the 
chemist somewhat at ease “in his own environment.” Chapters on 
composite crystals, mathematical relationships (assuming only a 
knowledge of spherical trigonometry), and crystal drawings com- 
plete Part I. 

Part II of the book is devoted to the internal structure of crystals. 
A chapter on the elements of internal symmetry is followed by a 
thorough development of the study of the 230 space groups. The 
final chapter relates the external form of the crystal, its habit, 
to the internal structure. A short appendix explains the Schoenflies 
system of notation for the benefit of those who may encounter it 
in earlier papers. A final favor to the chemist is an index of chemical 
formulae. 

Illustrations are excellent and the format allows easy and enjoy- 
able reading. The book may be used advantageously by anyone 
preparing for a serious study of crystallography. 


WALDEN P. PRATT 


Stereograms for the Determination of Plagioclase Feldspars in 
Random Sections; by W. Nieuwenkamp. Pp. 29, quarto, plates 
I-XIII. Utrecht, 1948 (Spectrum Publishers; Edward Stanford 
Ltd., London W.C. 2, agents, $4.64). In conventional petrographic 


technique, a thin section of a rock must be searched for grains of 
plagioclase that have special orientations suitable for the determina- 
tion of the composition by means of extinction angles. The method 
depends upon the assumption that many grains have the same com- 
position, an assumption that is not always valid. There are only two 
alternatives: (1) with a universal stage any grain may be turned into 
a significant orientation and the required extinction angle then 
measured ; (2) if the crystallographic orientation of a grain can be 
determined, an extinction angle will then give the required com- 
position. Both methods are used in determinations with the univer- 
sal stage; the second method, however, is now made possible without 
such expensive special apparatus, by the use of the new procedures 
described by Nieuwenkamp. 

The orientation of an arbitrarily selected grain involves three 
independent co-ordinates; the composition is effectively a fourth. 
If the grain is twinned, three independent observations are obvious, 
namely the positions of extinction in the two twin parts and the 
“strike” of the composition plane. Nieuwenkamp’s important con- 
tribution is his development, or discovery, of an easily-measured 
fourth independent observation that makes possible a systematic 
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procedure for determining the four unknown co-ordinates of orienta- 
tion and composition. The new variable is the ratio of the bire- 
fringences of the two parts of the twin, a quantity that can be 
measured without knowing the thickness of the section. 

The ten “stereograms” are cylindrical equidistant projections of 
plagioclases of various compositions (0, 10,... , 70, 80 and 95% 
anorthite), showing extinction angles in black contours and loga- 
rithms of birefringences in red, for all possible orientations of the 
thin section. Unfortunately, the method of use of these charts is 
deseribed r: aer poorly, although in fact the method is rather 
simple. A “pointer” is used, consisting of a movable line segment 
held parallel to one of the axes of the chart. The length and orienta- 
tion of the pointer are determined by the twin law, which is normally 
assumed to be the albite law until proved otherwise. At the ends of 
the pointer four constants (extinction angle and logarithm of the 
birefringence for each part of the twin) are read by interpolation 
between the contour lines of the chart. The pointer is systematically 
moved about on one chart after another until the two observed 
extinction angles are found, and the difference of the logarithms 
of the corresponding birefringences (i.e., the log of the ratio of the 
hirefringences) is compared with the observed value to determine 
whether the correct chart has been found. Interpolation is possible 
between successive charts, just as it is possible between successive 
contour lines, and the result is a determination of the anorthite 
content with accuracy comparable to that of the original data on 
which all extinction angle charts are based. The error is not likely 
to be more than about 4%. 

The choice of length and orientation of the pointer to correspond 
with the twinning law assumed is discussed all too briefly at the end 
of the book, under the heading “Plagioclase twin operations in 
evlindrical |equidistant] projection.” Indeed, the discussion of prin- 
ciples throughout the book is almost unworthy of the quality of the 
charts and of the importance of the method. The reviewer is par- 
ticularly pleased with the overall simplicity and elegance of the 
method under review. He sincerely regrets that more space was not 


devoted in the text to a thorough discussion of principles, possibly 
working the examples into the text instead of placing them together 
at the beginning. The very fact that the method succeeds at all in 
solving so complex a problem (four equations in four unknowns) is 
remarkable; that it does so quickly and easily is all the more 
important. Its potentialities should be explored to the fullest by all 
petrographers. 


HORACE WINCHELL 
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